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SUMMARY

This report covers research dealing with the application of modern surface

science and microstructural analysis techniques to the physical, chemical and

mechanical properties of current-carrying, rotating electrical contacts operating

in controlled environments. In all cases fine wire brushes were used to trans-

mit current to a rotating OFHC Cu slip ring. In previous years our efforts

were devoted to systems in which the brush wires were also made of Cu. During

the past year, however, fine Ag wires were used in the brushes in order to be

able to study the transfer of material from brush to slip ring and vice versa,

as well as the formation of wear debris. It was found that at low currents,

the principal wear mechanism was abrasive wear resulting in an overwhelming

preponderance of the harder Cu material in the wear particles. Thus the

softer Ag wire brushes preferentially wear the Cu slip ring rather than vice

versa. A model explaining this unexpected result was developed. In the high

current regime, partial melting occurs and the wear particles become mixed,

approximately 50% Cu and 50% Ag. At extremely high currents, melting and sub-

sequent welding phenomena are so severe that intense arcing results from the

resulting stick-slip phenomena. The results of these experiments have clari-

fied many of the complex mechanisms involved in electrical contact processes.
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I. REPORT

A. Research highlights

In the earlier work involving current carrying Cu wire brushes in contact

with a rotating Cu slip ring, two kinds of experiments were carried out. One

involved rotating in an ultra high vacuum (Appendix I). In these experiments

the initial electrical contact resistance decreased until a stable value was

obtained; the interfacial impurity content decreased as the contaminants were

buried in the surface layers; and the friction increased until cold welding

occurred. The wear particles consisted principally of rolled up layers, in-

dicative of abrasive wear followed by rolling in the interface between brush

and slip ring, where the particles were trapped for a period of time.

In the other set of experiments (Appendices II and III), rotation was carried

out in a humidified CO2 environment at pressures of 1 x 10 4 torr and 1 atm

respectively, the former giving results intermediate between the UHV and the

1 atm. cases. In the latter case the electrical contact resistance decreased

as the contact spots were "run in", the friction decreased to a stable value,

and the concentration of surface contaminants decreased to almost zero. Some

residual S remained on the surface as a result of impurities in the CO2 source,

but no oxygen and very little carbon was detected after rotation. The re-

sults clearly show that rotation in gaseous H20-CO2 does not contaminate the

surface. Oxides, for example, are not formed. Rather, just as in the UHV

case, impurities tend to be buried in the surface layers as a result of bulk-

surface intermixing caused by the mechanical disturbance of the surface as the

slip ring rotates under the brush. Auger depth profiling confirmed this result.

Moreover, wet CO2 was found to be an excellent lubricant for the Cu-Cu interface.
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These results led to a qualitative model for this system. Namely that per-

fectly clean Cu surfaces can slide against each other with low friction and low

electrical contact resistance in the presence of 1 atm of humidified CO2. The

H20-C02 molecules act like "molecular ball bearings," largely preventing ad-

hesive wear from occurring. Wear takes place only when this intermediate layer

is momentarily broken and cold welding occurs, resulting eventually in a wear

particle which rolls for a while in the interfacial region between brush and

slip ring before falling away. The low values of electrical contact resistance

may arise from an electron tunneling phenomenon through the H20-CO 2 layer or

simply from an electron scattering mechanism, as has been previously observed

in the adsorption of gases on current carrying metal films. Other mechanisms

are also possible. In the former case an estimate of the thickness of the

H20-C02 film led to a value of approximately 6 R. This value indicates a layer

one to three molecules thick.

One phenomenon which could not be investigated in the Cu-Cu system was the

transfer of material back and forth across the brush-slip ring interface and

to the wear particles. For this reason, work involving a Cu slip ring and Ag

wire brushes was carried out. The experiments of this past year dealt almost

exclusively with this system. The results so far are given in Appendices IV,

V, and VI.

Only a few experiments were carried out in UHV because stick-slip and

arcing phenomena occurred almost immediately after rotation began. Thus the

bulk of the experiments were carried out in 1 atm of humidified CO2 . As in

the Cu-Cu case, the electrical contact resistance for Ag-Cu decreased to values

in the range of 0.1 to 0.3 mo, irregardless of the d.c. current in the range

,
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of 0 - 40 A. The coefficient of friction decreased to a more or less steady

value of 0.25. Thus wet CO2 was found to be a good lubricant for both the

Ag-Cu and Cu-Cu interfaces. This result is not surprising on the basis of the

"molecular ball-bearing" hypothesis because chemical reactions at the Ag and

Cu surfaces apparently do not occur at any significant rate in an H20-CO2

atmosphere.

The principal focus of the work on Ag-Cu sliding electrical contacts was

on metal transfer phenomena. It was found that Ag and Cu were transferred

back and forth between the two contacts. Thus Ag was transferred to the Cu

slip ring in the normal adhesive wear manner. However, Cu was also transferred

to the Ag wire brush ends. This latter result was surprising in light of the

fact that Cu is harder than Ag. A tentative explanation of this phenomenon

in terms of prow formation was given (Appendix VI).

In the 0-40 A current range, four wear mechanisms were detected: abrasive,

adhesive, polishing, and melting. Measurements were made using a 40g contact

force and after 6000 revolutions. It was shown that abrasive wear dominated

in the current range up to a few amperes. Almost all the wear particles in

this region were pure Cu or Cu-rich. Moreover AES investigations showed that

only a small, approximately constant amount of Ag was transferred to the Cu

slip ring in this current range. Thus, as mentioned earlier, the softer Ag wire

brush (consisting of 342 0.005" diameter Ag wires) preferentially wears away

the harder Cu slip ring.

A maximum in the fraction of Cu and Cu-rich wear particles in the debris

occurs in the 1-10 A range, probably because the temperatures generated in the

interface are sufficient to desorb the H20-CO2 molecules, thereby allowing the
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the abrasive wear mechanism to become more effective. At currents up to 40 A,

nelting phenomena become increasingly important resulting in intermixing of Cu

and Ag in the wear particles. Moreover transfer of Ag to the Cu slip ring in-

creases very rapidly with increasing current beyond 10 A. At 50 A melting and

subsequent solidification, resulting in welding and a stick-slip behavior, are

by far the dominant processes. As a result severe arcing occurs and the wear

debris has a large component which consists of spherical particles that were

formed from melting and solidificaLion phenomena. The results of these experi-

ments have led to important insights into the nature of the processes associated

with sliding electrical contacts.

B. Equipment used

The experiments were performed in a stainless steel UHV system in which a

rotating slip ring was turned by means of a magnetically coupled rotary feedthru.

This feedthru was turned by a motor, the current to which as well as the angular

velocity of the feedthru were measures of the friction encountered at the

brush-slip ring interface. Electrical contact resistance at each interface was

measured in situ by a potentiometric technique. The surface elemental concen-

tration was determined by Auger electron spectrocopy. The cylindrical mirror

analyzer was interfaced to a Hewlett-Packard 9825A desktop computer for data

storage, analysis, and plotting. The surface of the slip ring was sputter etched

by means of an argon sputter ion gun. Wear particles were collected in a tray

located beneath the sliding interface. These wear particles were investigated

ex situ by scanning electron microscopy and x-ray energy spectroscopy along

with the slip ring and brush wire end surfaces. On occasion the wear particles

were studied also by x-ray diffraction and transmission/reflection high energy
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electron diffraction techniques. Another small UHV system was designed and

construc.ed for use on long duration sliding electrical contact tests. It

was compieted just in time for the contract to end.

C. Personnel and activities

Dr. Richard W. Vook, Professor of Materials Science, acted as Principal

Investigator on the project. During the past year he was assisted by Dr. Bhoj

Singh (who left us at the end of October 1981) and Dr. Arindam Banerjee, who

joined us on December 1, 1982. Dr. Banerjee was on leave as a Lecturer in

the Physics Department of the Indian Institute of Technology in New Delhi,

India. Some very important research in the area of friction and wear is

being carried out at this Institute, involving mainly coatings on cutting

tools. Mr. B. H. Hwang who worked on the project last year, received his

M.S. in Solid State Science and Technology in June of 1981. Mr. M. Garshasb,

a graduate research assistant, joined the project in June of 1981. He is

presently working on his Ph.D. in Solid State Science and Technology. Two

other visiting research scientists, Mr. J. A. Zhang and Mr. L. R. Zhang, worked

as unpaid participants on the project during the past year. They were on leave

from the Peking Institute of Posts and Telecommunications, where each is a

Lecturer.

The work that was carried out led to the numerous presentations and

publications listed in the next two sections.

L " .
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MICROSTRUCTURAL CHARACTERIZATION OF ROTATING Cu-Cu
ELECTRICAL CONTACTS IN VACUUM AND WET CO 2
ENVIRONMENTS*

B. SINGH, J. G. ZHANG, B. H. HWANG and R. W. VOOK

)epartment of Chemical Engineering and Materials Science, Syracuse University, Syracuse.
NY 13210 (U.S.A.)

(Received November 5, 1981)

Summary

The chemical, electrical and wear properties of the rotating interface
between OFHC copper slip rings and two high purity copper wire brushes
were investigated in situ in ultrahigh vacuum (UHV) and in 1 atm wet CO2 .
The chemical composition of the slip ring surface was determined by Auger
electron spectroscopy. The contact resistance was measured by a potentio-
metric four-point probe technique while the wear properties of the interface
and the morphology of the debris were studied by frictional force, scanning
electron microscopy (SEM), transmission electron diffraction (TED) and
X-ray diffraction (XRD) measurements. Rotation in UHV of a conventionally
cleaned (CC) slip ring produced a much cleaner surface. The contact resistance
of both brush interfaces decreased and the frictional force increased with
increasing number of revolutions. After many revolutions the brush and slip
ring welded. The decrease in contact resistance with the number of slip ring
revolutions more or less paralleled the decrease in total impurities. Rotation
in wet CO 2 of a CC slip ring and brushes also produced much cleaner surfaces.
In contrast, initially argon ion sputter-cleaned surfaces became slightly
contaminated (mainly carbon and sulfur) when rotated. The contact resistance
at both interfaces and the coefficient of friction decreased with increasing
number of slip ring revolutions, finally reaching steady state values.

After each experiment, SEM examination of vacuum rotated surfaces
showed deep ridges and broken pieces of material on the slip ring surface and
badly deformed brush wire ends. Wet CO2 rotated surfaces were relatively
smooth and shallow ridges were seen. SEM examination of wear particles
collected during rotation indicated that they may have come from both the
slip ring and brush wire materials and were rolled in the regions between the
brush and slip ring. XRD and TED from individual particles showed a
randomly oriented polycrystalline microstructure. The particles collected
from the wet CO 2 experiments were much smaller in size than those collected

*Paper presented at the Advanced Current Collection Conference, Chicago, IL,
U.S.A., September 23 - 25, 1981.

Elsevier Sequoia/Printed in The Netherlands
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in vacuum experiments. In wet C0 2, the contact resistance was interpreted
as being predominantly due to an electron tunneling mechanism through the
C0 2-H 2 0 molecular layer at the interface. As expected, the thickness of the
layer appeared to vary with the contact pressure. Friction would then arise
largely when the molecular layer was occasionally broken, allowing intimate
contact and temporary welding of the brush and slip ring surfaces. Sub-
sequent fracture of these welds during continued rotation would initiate the
formation of wear particles.

1. Introduction

Over the last 20 years, considerable effort has been made theoretically
[1, 21 and experimentally [3 - 51 to reduce friction, wear and contact
resistance between dynamic interfaces. Attempts have hitherto been made to
devise conditions to yield minimum contact resistance and minimum friction
and wear between the brushes and slip ring. The brush and slip ring materials
and the contact load and environment are the most influential parameters
affecting these properties. There are various techniques and surface tools
available for the study of the atomic nature of the wear surfaces 16]. In this
paper, Cu-Cu dynamic contact interfaces are characterized in vacuum and in
1 atm of wet CO 2 by measuring contact resistance, frictional force, chemical
composition and mechanical wear. A morphological and microstructural
study of the debris formed during sliding contact provided important infor-
mation about their origins and evolution. While there are various techniques
[7, 81 available for a morphological analysis of the wear debris, the tech-
niques of scanning electron microscopy (SEM), X-ray diffraction (XRD) and
transmission electron diffraction (TED) were used in the present study.

2. Slip ring-brush arrangement and experimental procedure

The brush-slip ring arrangement has already been described in greater
detail elsewhere [9, 10]. A stainless steel ultrahigh vacuum (UHV) system of
low (10 -10 Torr) range capability was used to characterize rotating electrical
contacts. Figure 1 shows the arrangement of the copper slip ring which rotates
in contact with two copper wire brushes. The slip ring is axially attached to a
magnetically coupled rotary feedthrough, which is turned by an a.c. motor
coupled to it by a rubber belt. The slip ring is of cylindrical shape, 2.5 cm in
diameter, composed of OFHC (99.98%) copper. The brushes each consist of
362 99.999% Cu wires, each 0.127 mm in diameter. The brushes are clamped
to two rectangularly shaped stainless steel electrodes, each having a smooth
hinge in the middle. The brushes are arranged at 180' to each other, making
an approximately 40' - 450 angle with the normal to the slip ring surface and
axially displaced (1 - 1.5 cm) to make separate tracks on the slip ring. The
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Fig. 1. Photograph of the slip ring brush assembly: NI, magnetically coupled rotary
feedthrough; 11, brush holder-, R, slip ring; H, brush; S, spring; F, vacuum flange.

whole brush- slip ring assembly is mounted on a specimen manipulator
capable of X. Y. Z displacements. The IJHV system includes an Auger cylin-
drical mirror analyzer, a 3 keV sputter ion gun and a 90' magnetic sector
partial pressure analyzer.

Before each experiment, the surfaces of the slip ring and the brush wire
ends were mechanically polished with a series of emery papers ending with
grit 600A and then rinsed ultrasonically (brush retracted) in acetone and
ethanol. The contact resistances between the two brushes and the slip ring
(grounded) were recorded on a dual-pen recorder. Experiments were per-
formed with three brush direct currents: 50 mA, 5 A and 30 A in vacuum
and 30 A in wet CO2. With the brushes retracted, the speed of the rotating
slip ring was monitored with an optical tachometer. During the experiment,
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the rotational speed of the slip ring was measured at regular time intervals
together with the input power to the motor.

The Auger electron spectrometer which was used to examine the
surface tracks was fully controlled by a Hewlett Packard 9825A desktop
computer and multiprogrammer. Typical Auger traces covering a 50 - 1300 eV
range were directly digitalized with an energy increment of 0.65 eV or less.
Computerized values of peak-to-peak heights of the Auger electron spectros-
copy (AES) signals of various elements were obtained with a precision of
1 in 2000. These Auger spectra were taken using a primary beam energy of
3 keV, a modulation amplitude of I V (peak to peak) and a 25 p A beam
current.

A wet CO 2 environment in the vacuum system was obtained by running
CO 2 from the cylinders (commercial grade, 99.8%) through a doubly distilled
H 20-CO2 solution in a stainless steel trap and finally through a UHV leak
valve 1111. The pressure of wet CO 2 in the vacuum system during the course
of the rotation experiments was approximately atmospheric. Auger spectra
from the wet CO 2 rotated slip ring surface were taken only after the wet
CO 2 was pumped down to the high 10 1 Torr region, a process which took
about 2 days. A molybdenum sheet tray was placed inside the vacuum
chamber under the brush-slip ring assembly to collect wear particles during
contact rotation.

After the experiment was over, the slip ring assembly and wear debris
were removed from the chamber. The normal force on each brush was
measured. The average frictional force was determined from the decrease in
rotational speed of the slip ring by comparing it with a calibration involving
known torques applied to the slip ring in a separate experiment in air. SEM
pictures were taken of both the slip ring surface tracks, brush contact
surfaces and of wear particles. XRD photographs were obtained from rela-
tively large particles (about 0.5 mm) and TED photographs were taken from
small particles (about 0.05 mm or less).

3. Results

3.1. Contact resistance and friction measurements
Figure 2 shows the contact resistance for both the upper and the lower

interfaces and the average coefficient of friction as a function of the number
of slip ring rotations or linear track length covered. The contact resistance
decreased with increasing number of slip ring revolutions. The curves are
more or less parallel to each other, indicating that the initial conditions
determine whether a curve is "high" or "low". These initial conditions
include such variables as contact force, lead resistance, brush wire orientation
with respect to slip ring, surface impurities etc. The contact resistances in the
wet CO 2 experiments are consistently higher than those in the vacuum
experiments and result in much smoother curves. This high contact resistance
could be due to the lower normal force, smaller contact area and the addi-



21

LINEAR TRACK LENGTH(rnteI,
20Z 40 60

2 2

%1 V .*09I-

0C02,{CO *MzO)

0 200 400 600 Boo 1000
SLIP RING REVOLUTIONS

Fig. 2. Contact resistance and average coefficient of friction vs. number of slip ring
revolutions. Subscripts s, w, u and I denote strong spring, weak spring, upper brush inter-
face and lower brush interface respectively.

tional resistance introduced by the thin wet C0 2 layer at the interface. The
circled points indicate the contact resistance before the slip ring started
rotating and after it stopped. For wet C02, the slip ring rotation did not
stop, but the experiment was terminated after about 5 - 10 min of rotation
when the resistance attained steady state values. The resistance of the
interfaces clearly depended on the magnitude of the contact force. In
vacuum experiments, the frictional force increased substantially as the
rotation proceeded and finally after many hundreds of revolutions the motor
stopped rotating because of excessive friction and ultimate cold welding. The
average coefficient M of friction was calculated from the ratio of the frictional
force to the measured normal force and is shown in Fig. 2 for both the
vacuum and wet C02 experiments. For the vacuum experiment it increased
by a factor of more than 4 while for wet CO 2 it decreased to about 0.35
where it remained relatively stable.

3.2. Auger electron spectroscopy measurements
In the vacuum experiments, the elemental surface compositions of both

the upper and lower tracks on the slip ring were obtained by AES before and
immediately after the contact resistance measurements. However, in the wet
C02 experiments Auger spectra were taken about 2 days after the contact
rotation because the system had to be pumped down to the high 10"s Torr
region before operating the Auger spectrometer. The brushes were retracted
during the AES measurements and the slip ring was continuously rotated.
This procedure gave the average impurity concentrations on the whole track.

II : * ..... . .. .
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TABLE 1

Elemental concentrations (at.%) on slip ring tracks for rotation in vacuum (contact force,
235 gf) and wet CO 2 (contact force, 51 gf)

Elements Vacuum Wet CO 2

Before After Before After After
rotation rotation sputtering sputtering rotation

Cu 47.5 97.1 39.9 99.4 88.0
S 0.8 0.1 0.0 0.0 4.7
C 42.1 2.0 40.9 0.6 7.3
0 7.1 0.4 14.2 0.0 0.0
Balance 2.5 0.4 5.0 0.0 0.0

(Cl, N, Ar)

The peak-to-peak heights of all Auger signals were normalized 112, 13] to
atomic per cent concentrations. The elemental surface concentrations on the
slip ring for two typical experiments in vacuum and wet CO 2 are given in
Table 1. The copper, sulfur, carbon and oxygen concentrations are listed
together with the impurity balance, In vacuum rotated experiments the
conventionally cleaned (CC) interface became cleaner, while in the wet CO2
experiments the sputter-cleaned interface became only slightly contaminated.
The impurities picked up were sulfur and carbon. Argon ion sputter depth
profiles of the slip ring surface showed that these impurities were rapidly
removed by small amounts of ion etching.

To understand the cause of the high concentration of sulfur, an addi-
tional experiment was performed in which the brush-slip ring assembly was
replaced by a flat OFHC copper sample, The sample was first sputtered clean
(to 98 at.% Cu, 0.2 at.% S) and then heated to 585 'C for 30 min where
9 at.% of sulfur segregation was detected 1141. Sulfur was removed by argon
ion sputter depth profiling techniques and its concentration was monitored
as a function of sputtering time. After it was almost completely removed
(0.2 at.%), the clean sample was exposed to 1 atm of wet CO2 , resulting in a
surface concentration of 7 at.% of sulfur. The sulfur concentration was again
removed by sputter depth profiling. The results are shown in Fig. 3. It is
clear that the adsorbed sulfur is removed much faster than the bulk segregated
sulfur. Thus the high concentration of sulfur on the slip ring surface was due
to an impurity in the wet CO2 supply and not to bulk segregation.

3.3. Scanning electron microscopy
After each experiment, the brush-slip ring assembly and wear particles

collected during rotation were removed from the vacuum chamber and
examined by SEM. For the same period of rotation, the quantity and size of
the debris collected in vacuum experiments were larger than those in the wet
CO2 experiments. The average length of vacuum wear particles was about
0.3 - 0.5 mm while for wet CO 2 the length of the wear particles was about
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Fig. 3. Sputter depth profile of sulfur on a flat OFHC copper sample: curve a, segregated
on heating at 585 C for 30 min; curve b, adsorbed on exposure to 1 atm wet CO 2 at
room temperature for 15 min.

Fig. 4. SEM photograph of copper wear particles collected during slip ring rotation in
contact with brushes in wet C0 2 ,
Fig. 5. SEM photograph of copper wear particles collected during slip ring rotation in
contact with brushes in wet CO 2.

0.03 - 0.08 mm. SEM photographs of several particles from the wet CO 2
experiments are shown in Fig. 4. Figure 5 shows details of the structure of
two typical wear particles collected in a wet CO 2 experiment. The mor-
phology of these particles suggests that they are rolled layers or rolled
particles. Figure 6 shows a particle collected from a vacuum experiment.
XRD was carried out on large individual particles by mounting them on a
glass fiber and by using a transmission pinhole technique. The very small

-A-k
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Fig. 6. SEM photograph of copper wear particle collected during slip ring rotation in con-
tact with wire hrushes in vacuum. Particles of silver paint on the ,uhstrate should be noted.

Fig. 7. TED photograph of a small wear particle collected while the slip ring rotated in
contact with a wire brush in wet CO 2 .

-Eb
Fig. 8. SEM photograph of OFtIC copper slip ring, upper track, showing broken wire
pieces (W) and deep ridges. The arrow indicates the direction of relative brush motion
(high vacuum).

Fig. 9. SEM photograph of OFHC copper slip ring, upper track, showing shallow ridges.
The arrow indicates the direction of relative brush motion (wet C0 2 ).

particles were difficult to mount in such a way and therefore their individual
diffraction patterns were studied by TED. The results from XRD studies of
large particles were identical with those obtained by TED from small particles.
Figure 7 shows a TED pattern obtained from a small particle. The absence of
preferred orientation is apparent.

Figures 8 and 9 show typical SEM pictures of brush tracks on slip rings
rotated in vacuum and in wet CO2 respectively. The surface from the vacuum
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Fig. 10. SEM photograph of wear surfaces on upper brush copper wires (contact force,
235 gf). The arrow indicates the direction of relative motion of the slip ring (high vacuum).

Fig. 11. SEM photograph of wear surfaces on upper brush copper wires (contact force,
51 gf). The arrow indicates the direction of relative motion of the slip ring (wet C0 2 ).

experiment shows deep grooves and high ridges and several pieces of brush
wire wear particles adhering to the surface. The wet CO2 rotated surface
shows shallow grooves and low ridges with a few occasional deep ridges.
Also, no wear particles are observable. The ridges shown in these micrographs
lie parallel to the directions of travel. SEM pictures of brush ends are shown
in Figs. 10 and 11 for vacuum and wet CO 2 experiments. The vacuum
contact brush wire ends appear very rough and abruptly broken, while the
wet CO 2 contact brush wire ends are much smoother and of round shape. In
Fig. 11, two regions S and R are clearly seen on the wire ends. The smooth
(S) regions touched the slip ring and 'he rough (R) and long streaked regions
were produced by the initial emery paper polishing before insertion in the
UHV chamber. These latter regions apparently did not touch the slip ring
during rotation.

4. Discussion

The elemental surface compositions of OFHC copper slip rings that
rotate in contact with two high purity copper wire brushes in vacuum and in
1 atm of wet CO 2 are presented. In vacuum, the initial CC surfaces (50 at.%
Cu) became almost completely clean (98 at.% Cu) after several hundred
rotations. Carbon was the major impurity observed. As the surface became
cleaner with continued rotation, adhesion, friction and occasional cold
welding started to develop. The occasional and erratic stick-slip resulted in
large momentary fluctuations in the contact resistance. Finally the adhesion
became so large that the motor rotating the slip ring could not overcome the
frictional torque and cold welding occurred.
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For rotation in wet C0 2 , the surface also became clean except for the
development of slight sulfur and carbon contamination. The studies involving
a flat OFHC copper sample (see Section 3.2) suggest that the sulfur came
from an impurity in the CO2 gas and not as a result of bulk segregation [14].
The carbon concentration was of the same order as that observed in the
vacuum experiments. Thus running in wet CO 2 contributed no additional
carbon to the surface. In wet C0 2 , the rotational speed of the slip ring
increased and became steady after a few hundred rotations. Cold welding
did not occur. These results indicated that the wet CO2 environment provided
good lubrication [3, 41. The AES composition of the wet CO 2 surface was
taken only when the wet CO 2 was pumped down to the 10 - 8 Torr region
which usually took about 30 h. This result means that the H20-CO2 mixture
was not very tightly bound to the surface. It is well known that CO 2 is not
chemisorbed on copper and its maximum heat of physical adsorption (151
on metals is about 9 kcal mol 1 . Water, in contrast, has a heat of adsorption
of about 22 - 24 kcal mol1- and is notoriously difficult to remove at room
temperature [161. Thus CO 2 is pumped out much faster than H20, which
was also observed by the mass spectroscopy analysis of the residual gas. It is
thus expected that the H2 0 molecules aid in the adsorption of CO2 .

The thickness of the H2 0-C0 2 interfacial layer would be expected to
depend on the contact pressure. This result is in agreement with the contact
resistance measurements, where the higher normal forces have lower cortact
resistances. Thus the interfacial resistance appears to arise from a combina-
tion of quantum mechanical tunneling through the C0 2 -H 20 layer as well as
occasional direct brush-slip ring contact, resulting in adhesion and fracture
of plastically deformed surface regions. The net effect is that wear particles
are formed. A determination of the approximate layer thickness h can be
made from an empirical relation [171 Rf = pttH/F, where Pt is the tunnel
resistivity, 0.7 is a pressure factor and H is the contact or penetration
hardness, based on a tunneling conduction mechanism together with an
experimental relationship between Pt and h [ 18]. The results are approximate
but indicate that the H2 0-C0 2 layer is about 6 A thick for a 2.2 mn2 film
resistance Rf and 80 gf normal force F. This result is reasonable since it
implies a layer of C0 2-H 2 0 one to three molecules thick. The thickness of
the layer also depends on the orientation of the molecules with respect to
the substrate as well as with respect to each other. It is thus concluded that
the contact resistance at the Cu-Cu interface in wet C0 2 is not due to
contamination by carbon or other impurities, but rather arises from the
presence of this H2 0-CO2 layer at the interface. The low contact resistance
in vacuum arises from direct metal-metal contact. It decreases during
rotation because the initial surface impurities are buried during rotation or
possibly partially removed by the fallen wear particles and also because the
surface contact area increases.

Formation of the wear particles and the ridges on the slip ring surface
are of much interest. In vacuum, deep ridges arise from brush end ploughing
and/or random localized welding of brush wire ends to the slip ring during

--= ... . . .4
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rotation, resulting in tensile plastic deformation of the weld and then final
fracture of the weld material or wire. Continued rotation may pull out some
of these broken wire ends or material from the protruded ridges. These
pieces then roll over between the brush-slip ring interface and eventually fall
away from the interface. Clearly, the wear particles in the vacuum case
would be larger in size than those produced on occasional localized metal-
metal contact through the thin C0 2 -H 20 layer where the weld area is likely
to be smaller. This result is what has been observed experimentally. The
average length of the vacuum wear particles is 0.3 - 0.5 mm and their diam-
eter is 0.09 - 0.12 mm. The wet CO 2 wear particles have average lengths of
0.03 - 0.08 mm and diameters of 0.02 - 0.04 mm.

The morphologies of the wear particles are more or less the same. Some
are made of thin layers rolled as sheets and some with more compacted but
still rolled surfaces. There appears to be some relationship between the size
of the wear particles, the ridges and the diameter of the brush wires. The
average height of the broken wire pieces shown in Fig. 8 (vacuum) is about
0.09 - 0.13 mm, which is close to the diameter of the wires of the brush. It is
thus reasonable to suppose that these pieces are parts of the broken wire
which cold welded to the slip ring surface as it became cleaner in vacuum. In
Fig. 9 (wet C0 2 ), the lengths of the well-defined ridges vary from about
0.02 to 0.2 mm. The estimated unfolded length of the layer making up the
particle in the upper left corner of Fig. 5 is about 0.09 mm, which is within
the range of the length of the ridges in Fig. 9. Therefore, it is possible that
this particle originally came from the slip ring surface rather than from the
wire of the brush. The variation in the length of the ridges could be due to
variations in contact force at individual wire ends of the brush. The ridges
may be formed by the ploughing action of the wire ends through the surface
material of the slip ring. Continued rotation in the case of wet CO2 tends to
smooth these ridges, resulting in burnishing. The vacuum rotated surface has
deep and sharp ridges because erratic cold welding prevented burnishing
from occurring.
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The chemical composition and the electrical and mechanical properties of the interface between a Cu slip ring
that rotates in contact with two Cu wire brushes were investigated by Auger electron spectroscopy (AES),
scanning electron microscopy (SEM), contact resistance, and frictional force measurements. The experiments
were carried out in an ultra-high vacuum system and in an environment of 1 x 10 - 4 torr of wet CO 2 . The
contact resistance at both the positive and negative interfaces decreased with increasing number of slip ring
revolutions while the frictional force increased. Under the wet 10 - 4 torr CO2 environment the increase in
frictional force was smaller than that in high vacuum, which suggests that wet CO. has a lubrication effect
even at these relatively low pressures. In situ AES measurements showed that the composition of the slip ring
surface, which was initially covered by about 50 atm% of carbon, changed drastically during rotation. After
many revolutions it approached that of a clean Cu surface (total impurities < 10 atm%). The decrease in contact
resistance with the number of slip ring revolutions more or less paralleled the decrease in total impurities in the
high vacuum experiments. This parallelism suggests that the contact resistance is caused predominantly by the
surface impurities. No systematic relationship between contact resistance and brush current density was
observed. SEM observations showed that the surface material was smeared out in the brush track areas and that
the initial surface impurities were buried during rotation.

I. Introduction to a magneticallN coupled rotar) %acuum fcedthrough which is
turned bN an ac motor coupled to it b a rubber belt. The uh%

The current-carr.ing capaci and the d.namic friction and "ear n
properties of electrical contacts are important technological s.,em co

considerations which are presentl, not er. well understood. The 3 keV sputter ion gun. and a 90 magne . -. tor parir,'ussure
anal% ,er. Schematic arrangements o! 'c.. chambe. , i P rng-

application of some of the tools' 5 of surface science to these brush assembl . CMA. sputter ion ,, -ass ,pectrometer and
problems has brought with it an increased understanding of the linear rotar; s acuum fcedthroughs are thown in F-gure, I and 2.

complexity of the situation. The present report describes the The et CO. ensironment sas obtained b3 the mechanism
results obtained in the application of some of these techniques to shown in Figure 3. This arrangement allo%%s for an initial
an in siti study of the interface between a rotating slip ring in e acuation of the stairess steel tubing ia a liquid nitrogeneonac acitho of, tire brushess stee tubin %acu al liqui nirrroaed
contact with to wire brushes in high %acuum (11) tlornland trapped oil diffusion-rotarn pump s.stem attached to salke 3 and
under an environment of I x 10 ' torr wet CO. It represents the
initial stage of a broader research program in which the effects of a final esacuation (with xalve 3 closed I through the uh leak sale

into the ion pumped uhs system. In the latter case the gas
controlled gaseous environments will be determined. Preliminary manifold was baked until a pressure in the Ion1 torr range
results of the high vacuum work were presented at the was achieved in the uhs system. Gasesdissolsed in the water %ere
International Vacuum Conference' in Cannes in 19X0. .

flushed out first with helium (sia valve 7(and then \%ith CO. from
the cylinder. The water CO, mixture was then doubl. distilled b

II, Experimental arrangement and method of measurement placing successfully liquid nitrogen baths around traps numbers Iand 2. The water CO, mixture in trap 2 %as then allowed to melt.
A stainless steel uhv system (base pressure mid 10 " torr range) Wet CO., was then introduced to the uhs system by running CO.
was used to study electrical contact phenomena associated with from the cylinder through valve 4. through the doubl. distilled
rotation ofacopperslip ring OFHC-99.98",, Cuin contact with H,O CO, solutions in trap 2. and finally through the uhs leak
two copper wire brushes (each consisting of 362, 0.005 in. dia. valve.
99.99",, Cu wires) running on separate tracks". The brushes were The surfaces of the slip ring and the wire brushes were polished
pressed against the slip ring surface by means of an insulated steel smooth with emery paper (grit 6(0-A) and then rinsed in acetone
spring. They can be removed from the surface by manipulating and ethanol before being put in the vacuum s.stem. The slip ring
two linear rotary vacuum fcedthroughs. The slip ring is attached was electrically grounded and the contact resistances between I I
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Z 4, -4N '

6,455 -
N~ccU

qr2 -eL

F-igure t. l op %ie of the ulis %steni and hip ring brush ,asscnhkFT

thle uipper brush and %lhp ring and] 121 hie loswer brush and slip ring'(7 -

wsere recorded on aj dual pen recorder for hrush currents of 50 mnA. 4-, £E -J 14

A -and 30 A. in %acuumn.and SI) mA and 30) A under I s10 ' torr
wset CO. en%~:ronment. With brushes refracted. thle slp ring
rota ted a-t a speed of aboat 1 50) re% minl ieaso red b%~ a n optical
tachometer. 1ie normal force onl each brush wsas measured. Thle
as erage frictional force wsas determined from the decrease in Figure 2. 'Schematic diagram of the hlp rang-baul usa sseibls i a I ced to

rot at onal speed of thle slip ring l's compa ring it to at caliabration tie maipul ato iiinside a le %jCiUTl aaaaa diana he
ins okmig know n torques aJppIIlit) the slip ring in at separate
esperiment in air. [le Au~ger electron spectrometer uIsed to Ill E~perimentaI results
determniite the elemental surface oiposit ion of the slip ring
surfaces, "as controlled h% a Hessleit Packard 942'; A desktop (A) H-igh iacuum condition
computer usinge a mludli-prograinmer. l\pical -Auger traces 1. Contact resistance and friction. The contact resistance
coxering a 501 to 130(1eV range were directl\ digitied. decreased with increasing nutmber of resolutions. Also thle
Computeriled %ALtIes Of peak to pea hights arid Concentrations rotational speed of the motor dri ing, thle slip ring decreased "s ile
of the %arious elements wsere obtained.liter each esperiment ssas the current to the motor increased, both as a result of increasing
oi5er. the slip ring and brushes w~ere removed from the chamber so frictional force. Alternate weldinag and fracture at the interface
that SEM pictures could be taken of both the upper IlIl and lowser resulted in an appreciable \ibration culminating in permatnent
(2) suirface tracks on the slip ring and also of the brush contact weldinig. w hich caused the motor to stop. Thle ratio ofthe frictional
surfaces, force to thle measured aserage normal contact forces on both

LEKVA4 IUPRO s S A&v~s S 71JNLESS S TEL Q T

--- j I- .UIG o CY NCDE

mA4PPED -POrARYI a d'
DIFTIJSOVP3WP RUMPA~
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He LiGraJEa Sar

LIQUID N, TR4PS ' TAW

FlgWe 3. Mechanism for the introduction of wet CO,.
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brushes gave the average coefficient of friction p. The contact respecfivel>. No s~stematic relationship between contact rests-
resistances for the upper (R ) and lower JR,) interfaces at aS5 A dc tance and current densi'N was obsersed. Also no effect of polarit%
brush current and the corrected' average pi are shown in Figure 4. on contact resistance wkas detected. In anN case a po-ssiby small
Similar results for the contact resistance were also obtained for influence would hate been difficult ito observe in the presence of
50 mA and 30 A brush currents. In Figure 4 the circled points the dominant effect arising from the different contact forces on the
indicate the contact resistances R before the slip ring started brushes.
rotating and after it stopped. It is clear that R did not depend
significantly on the angular velocity of the slip ring. The lower 2. AES measurements. Elemental surface compositions of each
contact resistance at the upper brush was due to the higher of the brush tracks on the slip ring and the interface contact plus
contact force there. It arises from the manner in which the forces lead resistances for both brushes "sere reported earlier as a
oin these brushes were applied'. In the experiment of Figure 4 the function of the number of resolutions n for a 501 mA brush
normal brush forces needed to break electrical contact with the current'. Figure 5 shows a similar graph except that the current
slip ring were 260)g (upper brush)I and I XOg (lower brush) was increased in 5 A steps after a certain number of rev olutions.

LINEAR7 TRACK LENGTH(meters)l

0 10 20 30 40

20 15

E R P (wet C02J .

~I5 ,- Briush2 (lower)-

I6 R /v cu m -1

Brusht upper) R, (wet CO,) 5

~05 -- - - 0 P, lvocuiun)

0 10
0 100 200 300 40050

SLIP RING REVOLuTlONS5-n

Figure 4. Contact resistance and a% erage coefficieni of friciion% sslip ring re\solutlions. H-igh saCUUrn 1 A hrUN1hcurrentiland I x It0 'orruet CO. 150) mA
brush currentI.

90 
C 0

80 5A-10- Contact - Lead Resistance t

Q 50

404

15A Brush current inDi

ind,r-rj tnerv'al 4

20A 2

-

0 f 243 0 48%10
SLIP RIAV RE'VOLUWONS- n

Figure S. Contact plus lead resistance and composition of hot h slip ring track surfaces as a fi-nclion of~slip ring resolut ions. tll-igh sacuum condition I
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The circled points represent the aluies before the slip ring started
rotating. In this set of experiments a different lead arrangement
from that used for Figure 4 %as emplo.ed for the contact
resistance measurements. The experiments in Figure 5 includedhigher lead resisances. Also the normal brush contact forces %ere i L--- =.. 1

comparatisel. small 1161 116 g . leading to an increased number
of resolution, prior to permanent sselding. During AES measure-
ments the brushes were retracted and tile slip ring %kas con-
tinuouslI rotated. the measurements thus gae the axerage
surface concentrations of the, hole track., with onlI negligible Ioss
in resolution. Peak to peak heights of all Auger signals sere
normalied to fractional altomic surface concentrations s, ithout
making an other corrections. Nitrogen. oxygen. chlorine and
sulfur %%ere also detected in addition to the impurities sho% n in
Figure 5. but their concentrations decreased to less than ap-
proximatel. I atm'. from initial %alues that wtere less than

S aim",,. Figure 5 shows that tile change in impurit% concentration
with it more or less parallels the change in contact resistance. A
similar parallel was also observed in experiments in %%hich a
constant current of 50 mA was used. The results suggest that the
interface impurit% concentration is directll related to the contact
resistance. Finall, no significant electromigration effects tip t Figure 6. SEM photograph of 01HC (CI slip ring. track 2. showingr broken isire pieces , and ridge .rio, eliee direct ion of t l ic brush
current densities of 054 A in 1 were detected, motion. (hgh \aCtiiii condition i

3. Scanning electron microstop). SEM pictures of the brush (B) Wet ('0 (1 x 10 4 torr) ensironment. table I helovt list, the
tracks on the slip ring showed that surface material \sas smeared \arious parameters that %%ere leasured in four experiments in a
out along the track areas. Thus the initial surface impurities to 4 torr wet O ens ironnient. After the slip ring had rotated
appear to haie been buried during rotation. Small pieces of brush in contact for about 5 min. the hrushe, %ere retracted and the set
wire It' in Figure 6 were seen adhering to various places on tile CO 2 %as pumped out. The A-S spectra of the contact surfaces
slip ring. The ridges shown in this micrograph lie parallel to the were then taken %%hen a residual gas pressure in the Ill torr
direction of trael. Similar ridges Iing parallel to the direction of range \kas achie\ed after 15 310 nm of pumping A mass spectrum
relatie motion can be obsersed on higher magnilication micro- taken of this residual atmosphere (after tile A-S anal.,is %%a,
graphs obtained from the brush wire ends". The ridges in the completedt showed wtater \apor as its major constituent. lhe
contact area arise from random locali/ed welding of a wire to tile initiall. dirt surfaces of the slip ring (Cu - 50 atm".I became
slip ring during rotation resulting in tensile plastic deformation of much cleaner itotal impurities < to atm",.I after rotation The
the region near the weld area along the direction of motion. surface impurities %ere buried in a manner similar to that in the
followted by eventual fracture of the steld. ('ontinued rotation \actium experiments. Tile higher tinal resistances at the Io\%er
tends to smooth these areas into ridges. The micrograph in brush interface were due to the lower normal forces there. The
Figure 7 shows a worn surface of the brush wire ends on the lower contact resistances for the upper (R and loster iR, I interfaces for
brush number 2. The surfaces are rough and badly deformed. a 50 mA brush current and the coefficient of friction (I1 1 under
Small pieces of material are also seen on their leading and trailing I x 10 " torr set C O en\ ironment are also sho\ n in Figure 4
edges. (experiment no 4 in Table It. along with t\ pical high sacuum

'[able I. Summary of slip ring-brush experiments in I x 10 torr wet ('O

Residual Brush ('u composition (aim",,j Conta.ct resistance imilli Brush
Exp. pressure Current Brush Before After Before Aftel nornal
no IO t lorr) IA) no rolatlion rotation rotation rolatiton foici Ig)

30 30 95 L.0 01. 2101
2 20 90 2.9 2.2 163

3 .5 96 1.5 0.8 194
1.9 30 2 31 99 .X 1,6 153

3 49 91 1.8 1.4 192
3 36 93 1.8 1.6 137

4 23 92 LX 0.6, 212 24 95 I X 1.6 174
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Figure7.SEM photograph of the %%ear surfaces on theCu %% ires of brush 2, Figure 8. SUM photograph ofOI'tI( (aU shp ring. track 2, i, g idged
Arro%% gies the direction of motion of the slip ring. tHigh acuum surface. Arro%, gioesdi iction ofrelaiie hra ottnt i I •1 ilil I kei
condition.) ('0,.1

results. The same trends are observed for both sets of experiments
except that for wet CO,: I ) the magnitude of the increase of the
coefficient of friction with the number of revolutions of the slip
ring was smaller than that in vacuum, (21 the sliding contact
resistances reached steady state values, (3) cold welding did not
take place, and 141 the contact resistances are higher than in
vacuum. All of these results imply that wet CO 2 acts as a lubricant
even at the relatively low pressure of 10 " torr. The higher
resistance when wet CO, is present is most likely due to the
presence of water and CO, molecules at the interface. Subsequent
scanning electron micrographs of slip ring tracks and brushes
were taken and are shown in Figures X and 9. Both figures show
that the contact surfaces are somewhat smoother compared to the
corresponding micrographs taken from the surfaces rotated in
vacuum isee Figures 6 and 7). Also broken pieces of wire were
much less in evidence for the surfaces rotated in wet ('0.

Discussion

The chemical composition changes on the slip ring surface before
and after rotation in contact with brushes were carefully
investigated in experiments Lnder both high vacuum and
I x 10 " torr wet ('O, environments. The initial compositions Figure 9. SLM photograph ofthe \kcarsurfac- on the C(u xircs ofhrtih-2
depended upon the cleaning procedure and the time the slip ring Arrov. gises the direction of motion of the slip ring. It I W lt toI \ ct

was left in air before being put into the uhv chamber. In both cases ('.

the initially dirty surfaces became very much cleaner after several
hundred rotations. Carbon was the makjor impurity observed on
vacuum rotated slip ring surfaces while the concentrations of Although the magnitude of the contact reststances differ from
sulfur and carbon were approximately equal in the wet CO, case experiment to experiment because of ineitable differences of
where they were the major impurities observed. The sulfur initial geometries, the resistance curves during slip ring rotation
concentrations were negligible I < I atm",,j in the vacuum experi- are much more stable in a wet CM). ensirontlient than in % acuurn.
ments. They were about 5 atm",, in the wet CO, experiments. This result is dte to the lower friction and smoother rotation that
Preliminary results suggest that the extra sulfur in the wet CO, resulted from the lubrication effect of wet ('()0,.- ."' 2. The ser
case came from an impurity in the ('02 gas and not as a result of small amounts of carbon and oxygen observed .by AS on surfaces
segregation from the slip ring bulk material ' . In particular which had been rotated it wet CO, indicate that O, %as
5 6 atm",, of sulfur also appeared on sputter-cleaned flat physisorbed on these surfaces, rather than chemisorbcd. In the
99.9999",, copper samples after exposure at 25 ( to wet ('0, latter case high carbon and oxygen concentrations would hase
atmospheric pressure. been expected as a result of long mean residence times of the ('0.

27



B Singh, 8 H Hwang and R IN Vook. Characterization of copper slip ring -wire brush electrical contacts

molecule on the surface even in vacuum. The experiments sho%% References
clearly that the opposite effect was observed. Thus physicallNY 1D V Keller, J Vac Soc Iechnol. 9. 133 (19711.
adsorbed wet CO, therefore appears to form a thin loosely bound 2C A Haque. IEEE I rans Parts, Itvbridi.% Packaging, 9. 5f1 11973 1.
lubricating layer between the brush and slip ring surface and this D H Buckley. Wear. 46. 19 119781.
layer introduces a somewhat higher contact resistance. J Schreurs. J L Johnson and I R McNab. Electrical Contacts 1979. p 145.

lIT. Chicago 119791. and Electrical Contacts 1981i. p 59. lIT'. Chicago
I l980).

R S Timsit. Electrical Contacs 1979. p 79. lIT'. Chicago (19791.
B Singh and R W Vook. Proc VIII tnt Vac Congr at Cannes. France.

AcknwlegemntsVol 1I. Vacuum Technology and Vacuum Metallurgy. p 441 1 19800p.
AcknwlegemntsP Reichner. Electrical Contacts 1979. p. 191, lIT. Chicago 119791 and

Electrical Contacts 1980t. p 73,117'. Chicago ( 1980.
The authors would like to thank J G Zhang and R Ziemer for 'B Singh and R %k Vook. Electrical Contact., 19840, p 53. lIT. Chicago
technical assistance; E-A Knabbe for the computer interfacing: I 19801.
R A Burton, I R McNab, J L Johnson, J J Schreurs and P K Lee B Singh. R W Vook and E-A Knabbe. J Vac SciTechnol. 17.29 (1I9801,
for helpful discussions; the Westinghouse Research and E Rabinomi and P Chan. Eectrical Contiacts 1979. p 123. f1-t.

Chicago j 1979).Development Center for the loan of certain equipment; and the Ji L Johnson and 0 S Taylor. Electrical Conitact.s 1979, p 129. Ill.
Office of Naval Research for financial support under contract no Chicago (1979).
N00014 79- 0763. ItR M Slepian, Electrical Contact,% 1979, p 137. l IT Chicago j 1979).

4

28



APPENDIX III

In Situ Auger Electron Spectroscopy Characterization of

Wet-C0 2-Lubricated Sliding Copper Electrical Contacts

by

B. H. Hwang, B. Singh, R. W. Vook, and J. G. Zhang

Wear 78(1982)7-16



Wear, 78 (1982) 7 - 16 7

IN SITU AUGER ELECTRON SPECTROSCOPY CHARACTERIZATION
OF WET-C0 2-LUBRICATED SLIDING COPPER ELECTRICAL
CONTACTS*

B. H. HWANG, B. SINGH, R. W. VOOK and J. G. ZHANG

Department of Chemical Engineering and Materials Science, Syracuse University,
Syracuse, NY 13210 (U.S.A.)

(Received November 5, 1981)

Summary

The electrical contact resistance, elemental surface composition and
friction of an OFHC copper slip ring rotating in contact with two high purity
copper wire brushes on different tracks were investigated in situ for heavy
and light normal contact forces under a wet CO 2 environment at atmospher-
ic pressure. Scanning electron microscopy was also used to characterize the
slip ring and brush surfaces. Previous work in ultrahigh vacuum showed that,
as rotation proceeded, interfacial impurities were almost totally removed and
the electrical contact resistance decreased until cold welding occurred. In the
present work, the slip ring surface was sputter cleaned (more than 95% Cu)
before contact rotation and was only slightly contaminated after rotating in
wet CO 2 . Both the contact resistance and the friction decreased quickly and
reached steady state values almost simultaneously in the early stages of rota-
tion. Also, cold welding phenomena did not occur. Scanning electron micro-
graphs taken after each experiment showed that the surfaces of the slip ring
tracks and the brush wire ends were much rougher when heavy normal con-
tact forces were used than in the light normal force condition. All these
results confirm that wet CO 2 is an effective lubricant for Cu-Cu electrical
sliding contacts.

1. Introduction

Most previous studies of electrical contact phenomena have been car-
ried out under normal atmospheric conditions. Recently, however, it has
been found that the electrical and mechanical properties of rotating electri-
cal contacts can be strongly influenced by the gaseous environment in which

*Paper presented at the Advanced Current Collection Conference, Chicago, IL,
U.S.A., September 23 - 25, 1981.

Elsevier Sequoia/Printed in The Netherlands
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they operate [1 - 31. One particularly auspicious environment is wet CO 2 at
atmospheric pressure. Not only does it give rise to low values of friction and
wear but it also permits the flow of high currents across the interface [4].
In the present work, this environment was used in a study of the interface
between a copper wire brush and a rotating copper slip ring across which a
high current flowed. The elemental composition of the surface of the slip
ring was measured in situ with Auger electron spectroscopy (AES) as a func-
tion of exposure and the number of rotations in contact with the brush.
Similarly, measurements of electrical contact resistance and friction were
made. The surfaces of both the brushes and the slip ring were examined sub-
sequently by scanning electron microscopy (SEM). Both high and low
normal contact forces were used in the experiments. The results were differ-
ent from those carried out earlier under ultrahigh vacuum (UHV) conditions
in several significant ways [5].

2. Experimental details

Figure 1 shows a block diagram of the complete experimental system.
A stainless steel UHV system was used to investigate the electrical contact
phenomena associated with the rotation of a copper slip ring in contact with
two copper wire brushes running on different tracks. Residual pressures in
the low (10 9 Torr) range were obtained in the baked system. The brushes
are pressed against the slip ring by means of an electrically insulated stainless
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Fig. 1. Block diagram of UHV system and attachments for the electrical sliding contact
experiments.



steel spring. They call be removed from contacting the slip ring surface by
manipulating two linear-rotary vacuum feedthroughs. The slip ring is axially
attached to a magnetically coupled rotary feedthrough which is turned by an
a.c. motor coupled to it by a rubber belt. The slip ring is a cylinder (diame-
ter, 1 in) of OFHC (99.98%) copper and the brushes each consist of 362
copper wires (wire diameter, 0.005 in; 99.999% Cu). The whole brush-slip
ring assembly is mounted on a specimen manipulator capable of x,y,z dis-
placements. The UHV system also contains an Auger cylindrical mirror
analyzer, a 3 keV sputter ion gun and a 900 magnetic sector partial pressure
analyzer. The details of the slip ring-brushes assembly, UHV system and
AES measurements were given previously [5 - 7].

The surfaces of the slip ring and wire brushes were polished smooth
with emery paper (grit 600-A), rinsed in acetone and ethanol, and then
cleaned in an ultrasonic bath for 30 min before being put in the vacuum
system. After the system was baked and pumped to a 5 X 10 9 Torr pres-
sure, Auger spectra were taken from the contaminated slip ring surface (less
than 50% Cu). Argon was then introduced into the vacuum chamber through
the leak valve to a pressure of (1 - 2) X 10 ' Torr and the slip ring surface
was sputter cleaned for 2.5 h with a primary electron beam setting of 3000
V and 30 mA. Subsequent AES measurements showed that the slip ring
surface was almost completely cleaned (more than 99% Cu in the center
region of the bombarding ion beam).

Wet CO2 at atmospheric pressure was obtained by allowing the gas
to flow through a distilled-water trap and then into the vacuum chamber
via a vacuum leak valve. The detailed procedures will be reported elsewhere
[8]. The rotating electrical contact experiment was then performed with a
current of 30 A running through the contact interfaces. An angular velocity
of about 150 rev min was used. During the experiment, the slip ring was
electrically grounded by means of thick copper wires sliding on the stainless
steel axis, the neutral contact. The contact resistances between (1) the lower
brush and slip ring and (2) the upper brush and slip ring were recorded on a
dual-pen recorder. The rotational speed of the slip ring was measured with
an optical tachometer together with the input power to the motor. The
frictional force was determined from the calibrated decrease in rotational
speed of the slip ring [9]. Then the ratio of the frictional force to the sum
of the measured normal contact forces on both brushes gave the friction
coefficient p.

After 10 min of rotation, the brushes were retracted and the wet CO 2
was pumped out. AES spectra of the contact surfaces were taken when a
residual gas pressure in the 10 8 Torr range was achieved after at least 30 h
of pumping. Subsequent sputtering was carried out and AES spectra were
taken alternately at regular intervals to obtain the concentration depth
profiles of the elements on the slip ring surface. After the experiment was
over, the slip ring and brushes were removed from the vacuum chamber.
SEM pictures were taken of both the lower and the upper surface tracks and
also of the brush contact surfaces.
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3. Results

3. 1. Contact resistance and friction measurements
The coefficients of friction and the electrical contact resistances of

both the lower and the upper interfaces for two different xperiments are
shown in Fig. 2. Both experiments were carried out under similar condi-
tions except for different contact forces. During rotation, a direct current
of 30 A (approximately 4200 A in -) ran through the contacts. The sub-
scripts s, w, u, I in Fig. 2 denote strong spring, weak spring, upper interface
and lower interface respectively, e.g. R, 1(27 gf) denotes the electrical
resistance of the lower interface in the weak spring experiment. 27 gf is
the corresponding normal contact force. Contrary to the corresponding
experiments carried out in UHV 191, the coefficients of friction in the pre-
sent experiments decreased with increasing number of slip ring revolutions
until steady state values were obtained. Although the electrical contact
resistances of the lower and upper interfaces in the present experiments
decreased with increasing number of slip ring revolutions, as in the UHV
experiments, they reached their steady state values more rapidly and
remained stable without adhesion in the former case. This stability and
lack of cold welding demonstrated the lubricating function of wet CO 2 . In
addition, the resistance curves were more or less parallel to each other,

JNE4LAR TRACK ENGrHImqers

C 20 40 6C s

0 C

--

SLIP lPIG EVOLUIONS

Fig. 2. Electrical contact resistances and coefficients of friction vs. number of slip ring
revolutions under 1 atm of wet CO2 and a 30 A brush current (4.2 kA in-

2 (654
A cm- 2)): the notation is discussed in the text.
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indicating that the initial conditions determined whether a curve was "low"
or "high". These initial conditions include such variables as brush orienta-
tion, stiffness and contact force. In the latter case a higher contact force
always resulted in a lower contact resistance, as expected.

3.2. Auger electron spectroscopy
The elemental compositions of the lower track (track 1), upper track

(track 2) and neutral track (track 0, which is between tracks 1 and 2) of the
slip ring surface before sputtering, after sputteiing and after running in wet
CO 2 for the strong and weak spring experiments ale listed in Table 1. The
elemental balances in Table 1 mainly consisted of chlorine and nitrogen. The
slip ring surfaces for both experiments were initially largely covered by
impurities. With the ion sputter gun aimed at the neutral track region, i.e.
between tracks 1 and 2, very clean surfaces were obtained for all three tracks
in the weak spring experiment. In the strong spring experiment similar
cleaning effects were observed after sputtering, but somewhat more impu-
rities remained on track 1 and the neutral track regions because the ion gun
had been aimed at track 2 instead.

After running in wet CO 2 , the slip ring surfaces became contaminated
only slightly (Table 1). The major contaminants were carbon and sulfur. It
should be noted also that the contamination in the near-surface region is less
serious in the strong than in the weak spring experiment. Figures 3 and 4
show the elemental depth profiles of sulfur and carbon on the slip ring after
running in 1 atm of wet CO 2 . The order of taking AES spectra was track 2,
neutral and track 1. The impurities on the neutral track generally were more
easily sputtered away because they were only adsorbed on the surface of the
slip ring. The impurities on tracks 1 and 2, however, took a longer time to be
sputtered away because they were buried in the near-surface region of the
copper substrate by the mechanical mixing action of the brushes. For exam-
pie, in Fig. 4, it took four times as long for the carbon concentration to
reach the initial (or "background") level for track 2 than for the neutral
track. It should be noted also from Table 1 and Figs. 3 and 4 that the
mechanical mixing of impurities in the near-surface region by the brushes
is more significant when there are light loads on the brushes.

A separate experiment was carried out to examine the high concentra-
tion of sulfur on the slip ring surface after rotating in wet CO 2. A very pure
flat copper specimen (99.9999% Cu) was cleaned and mounted on the
manipulator in the UHV chamber. The system was evacuated and the
copper specimen was cleaned by sputter ion etching. It was then exposed
to 1 atm of wet C0 2 , which was then pumped out. Although all measure-
ments and experimental processes took place at room temperature without
any mechanical disturbance of the surface, the sulfur concentration on the
flat specimen surface was found to be about the same (about 5 at.%) as that
of the slip ring surface after rotating in contact with two brushes in 1 atm
of wet CO 2 (Table 1). Clearly, the extra amount of sulfur on the surfaces
of both the flat specimen and the slip ring came from an impurity in the

K



12

Q. MO 000~ 000o 000

0 C

'0A

co- q-t--o 0

tt t 0 0~CC~4 0 w. 0 4

o ~ ~ ~ O coo* Inmo LOI 000 I0' 0.-

'0

CL

0 -e

0 q 0c C q c

.3 C.+-



13

B o

z

00
BEFORE

ROTAT ION .
AD '

0 5 10 15 2 0 2 5 30 3 5 4

SPUTTER SPUTTERING TIME (Mlutesl
CLEANED

Fig. 3. Sulfur concentration depth profile on slip ring surface after rotating in wet C0 2
(weak spring condition): track 1; x, track 2;O, neutral.
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Fig. 4. Carbon concentration depth profile on slip ring surface after rotating in wet CO 2
(weak spring condition): 0, track 1; X, track 2; 0, neutral.

C0 2 gas and not as a result of segregation from the bulk of the copper
sample [7].

3.3. Scanning electron microscopy
SEM pictures of slip ring tracks and brush wire ends for both the

strong and the weak spring experiments were taken after the experiments
were over and the manipulator was taken out of the vacuum chamber.
Figures 5 and 6 show the brush wire ends after each experiment. Clearly, the
contact surface of the brush wire end in the weak spring experiment is much
smoother than that in the strong spring experiment. The rough region of
the brush wire in Fig. 6 was produced by the initial emery paper polishing
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Fig. 5. SEM micrograph of a single brush wire end after sliding contact in wet (O. istrong

spring condition. lower brush negative).

Fig. i. SEM micrograph of a single brush wire end after sliding contact in wet ('0 2 (weak
spring condit ion upper brush posit ie

Fig. 7. SEM micrograph of a slip ring track after sliding contact in wet CO 2 (strong spring
condition; lower track).

Fig. 8. SEM micrograph of a slip ring track after sliding contact in wet C0 2 tweak spring
condition; lower track).

before insertion in the UHV chamber. It apparently did not touch the slip
ring during rotation. In contrast, the brush wire end in Fig. 5 shows a
smoother surface and longer ridges compared with the rough region in Fig. 6.
This surface resulted from frictional contact during rotation. Figures 7 and 8
show SEM pictures of slip ring tracks after the strong and weak spring exper-
iments respectively. Obviously the size of the ridges in the surface of the slip
ring track is much smaller in the weak than in the strong spring experiment.
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These results dramatically show that the normal contact force plays an
important role in determining the properties of a rotating electrical contact:
the smaller tile normal contact force, the lower the contact frictional force
and consequently the smoother the contact interface.

.I. Discussion

hi these experiments an initially clean copper slip ring rotated in elc-tri-
cal and mechanical contact with two copper wire brushes through which a
current of approximately 4200 A in 2 flowed. Rotations were made in a

1-IV system that had been back filled with wet CO 2 at a 1 atm pressure.
Both strong and weak normal forces were applied to the brushes in succes-
sive experiments. The results show that, except for a slight contamination
with sulfur, rotation in wet CO 2 does not contaminate the surface of the slip
ring. Since the surface remained essentially clean, the lubricity of the thin
film at the interface must be due only to the H 2 0 and CO 2 molecules that
are present.

In previous experiments carried out in UHV 1 5, 7 1, it was shown that
the interface became much cleaner as the copper brush rotated over the
copper slip ring. The present results in wet CO 2 are consistent with the
,-:a !,r result. In addition, it was found that weak contact forces resulted in
greater near-surface- hulk mixing of surface contaminants than stronger
springs. This interpretation follows from the Auger depth profile studies. We
can conclude that the greater penetration of the brush asperities into the
bulk of the slip ring in the case of a stronger normal force is less effective in
distributing the contaminants in the near-surface region.

It was also found that during rotation the adsorbates were pumped off
in less than 30 h. This result means that they were not very tightly bound to
the copper surfaces. We could not examine the surfaces by AES in a much
shorter time because of the high residual gas pressure in the vacuum system.
These results are consistent with the known desorption energies of water on
metal surfaces, which range from 22 to 24 kcal mol 1 (101. Since the
adsorption energy of CO 2 is much less than that of H2 0, it is expected that
the H 2 0 molecule aids the adsorption of CO 2 during rotation.

The decreases in electrical contact resistance and friction during rota-
tion presumably arise from an increase in the contact area as the asperities
on the contacting faces are smoothened. This effect is most noticeable in the
weak spring case where the normal forces were in the neighborhood of 30 -
50 gf. Because cold welding did not occur in the wet CO 2 case, as observed
in UFIV, the H2 0-CO2 molecules must form a more or less continuous layer
at the slip ring-brush interface. If this layer were broken, localized cold
welding would occur. Presumably, the higher friction in the case of higher
normal forces arises from the partial fracture of this H 20-C0 2 layer. It is
also expected that, on the basis of this model, the thickness of the H20-CO2
interfacial layer would depend on the contact pressure. The electrical con-
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tact resistance measurements support this view. In all cases the higher normal
force has the lower contact resistance. It is expected that the interfacial resis-
tance arises from a combination of quantum mechanical tunneling through
the C0 2-H 2 0 layer as well as occasional erratic direct brush-slip ring cold
welding, resulting in the fracture of surface regions from the bulk and con-
comitant wear. It is therefore clear from these studies that the film resistance
at a Cu-Cu interface is not due to contamination by carbon, organic impuri-
ties etc. but rather arises from the presence of this thin H2 0-CO2 layer at
the interface.

Acknowledgments

The authors would like to express their appreciation to I. R. McNah,
J. L. Johnson, P. Reichner, J. J. Schreurs, P. K. Lee and E. Rabinowicz for
helpful discussions, the Westinghouse Research and Development Center for
the loan of certain equipment, and the Office of Naval Research for financial
support under Contract N00014-79-0763.

References

I J. L. Johnson and 0. S. Taylor, High current brushes. Part IV: machine environment
tests, in t'roc Conf. on lectrical (ontacts. 1979. Illinois Institute of Technology,
Chicago, IL, 1979, pp. 129 - 135.

2 P. Reichner, Metallic brushes for extreme high current applications, in Proc. (onf
on Elcetrical ('ontacts, 1979. ,1linois Institute of Technology, Chicago, IL, 1979,
pp. 191 - 197.

3 1. R. McNab and W. R. Gass, High current density carbon fiber brush experiments in
humidified air and helium, in Proc. Conf. on Electrical Contacts, 1979, Illinois Insti-
tute of Technology, Chicago, IL, 1979, pp. 159 - 163.

4 J. Schrcurs, J. L. Johnson and I. R. McNab, High current brushes. Part VI: evaluation
of slip ring surface films, in Proc. Conf on Electrical Contacts. 1979, Illinois Institute
of Technology, Chicago, IL, 1979, pp. 145 - 151.

5 B. Singh and R. W. Vook, In situ AES characterization of rotating electrical contacts,
in Proc. Conf on Electrical Contacts. 1980, Illinois Institute of Technology, Chicago,
IL, 1980, pp. 53 - 58.

6 R. W. Vook, B. Singh, E.-A. Knabbe, J. H. Ho and D. K. Bhavsar, in Proc. Conf. on
Electrical Contacts. 1979. Illinois Institute of Technology, Chicago, IL, 1979, pp. 17 -
21.

7 B. Singh, R. W. Vook and E.-A. Knabbe, AES study of sulfur surface segregation on
polycrystalline copper, J. Vac. Sci, Technol.. 17 (1) (1980) 29 - 33.

8 B. Singh, B. H. Hwang and R. W. Vook, Characterization of copper slip ring wire
brush electrical contacts, J. Vac. Technol., (1981) in the press.

9 B. Singh and R. W, Vook, Interfacial characterization of copper slip ring wire brush
contacts, in Proc. 8th int. Vacuum Congr., Vol. I, Vacuum Technology and Vacuum
Metallurgy, in Vide. Couches Minces. Suppl., 201 (1980) 441.

10 R. Glang, R. A. Holmwood and J. A. Kurtz, in L. I. Maissel and R. Glang (eds.),
Handbook of Thin Film Technology, McGraw-Hill, New York, 1970, p. 2-44.

.,4



APPENDIX IV

Characterization of Ag Wire Brush-Cu Slip Ring Electrical

Contacts Rotating in Wet CO2

by

R. W. Vook, J. G. Zhang, A. Banerjee, M. Garshasb, and L. R. Zhang

1. Electrical Contacts - 1982 (I.I.T. Chicago), Proc. 28th Annual Holm Conference,
p. 193-199.

2. To be published in IEEE Transactions on Components, Hybrids, and Manufacturing
Technology.

-.. 4



'I

ELECTRICAL CONTACTS - 1982

Proceedings

of the

Twenty-Eighth Annual Meeting

of the

Holm Conference on Electrical Contacts

The purpose of the Conference is to provide a forum for the
presentation and discussion of practical information on the

latest developments in the field of electrical contacts.
The technical papers cover a broad span of interests ranging
from practical application of contacts to contact theory.
The technical content of the Conference is focused on six

major application areas:

Low Current Connections
Medium Current Switching

uRgh Current Arcs
Aluminum Connections

Sliding Contacts
Contact Materials and Design

and with a special panel discussion on:

Cost Effective Manufacturing Technologies Employed

in Making Electrical Contacts

Price: Forty Dollars

September 13-15. 1982

Illinois Institute of Technology
Electrical Engineering Department
Chicago. Illinois 60616
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ABSTRACT

Current-carrying silver wire brushes were run on the same track
against a rotating copper slip ring in a conventional stainless steel
ultra high vacuuvn system. The experiments were performed after sput-
ter cleaning of the slip ring in a H20-CO2 ambient held at one atmo-
sphere of pressure. The electrical contact resistance and the fric-
tional coefficient were measured in-situ. Subsequently, scanning
electron microscopy, electron pro~ IiEoanalysis and elemental map-
ping studies were carried out ex-situ on the slip ring, brush end,
and wear particle surfaces. Both ow (5OmA) and high (40A) currents
were used for comparison. Interestingly, it was found that not only
was silver transferred to the copper slip ring, but copper was also
transferred to the wire brush ends. Moreover, the wear particles
were mainly of.two types, one being rich in silver and the other rich
in copper, the relative concentrations depending on the current flow-
ing through the contacts. These results demonstrate clearly that
mechanical mixing of brush and slip ring material and the incorpora-
tion of both materials in wear particles play important roles in
rotating current carrying electrical contact phenomena.

INTRODUCTION governed by the consideration that both the brush
and the slip ring should possess similar proper-

The last two decades have witnessed a consid- ties in terms of electrical resistivity, melting
erable research interest in the field of sliding point, tensile strength, hardness, and thermal
and rotating contacts in terms of friction and in- conductivity. Out of the few elemental possibili-
terfacial electrical resistance. As a result nov- ties, Ag seemed to be the most suitable.
el materials holding great promise, including some
exotic binary and ternary alloys (1,2) have been In the present work we report some of the re-
developed. Different sliding environments (3,4) sults of our ongoing program using Ag brush riders
have been investigated to improve lubrication be- on a rotating Cu slip ring. The experiments were
tween the moving parts and tonsequently reduce performed in one atmosphere of humidified C02 ,
wear and tear. In fact, the problem of electrical which is known in some cases (7-9) to be a good
contacts can be subdivided into the three follow- lubricant. Scanning electron microscopy (SEM),
ing constituents: (1) providing a large number of electron probe microanalysis (EPM), x-ray elemen-
electrical contact spots at the interface, (2) tal mapping and Auger electron spectroscopy (AES)
reducing the friction by using suitable lubrica- were the main techniques used for characterizing
ting ambients, and (3) microstructural character- the slip ring,brushes and resultant debris parti-
Ization and chemical composition analysis of the cles. While the 5OmA brush current case will be
interface. The importance of the last aspect is emphasized in this report, the results will be com-
increasingly being realized since it furnishes pared with those obtained in the 40A case. Final-
fundamental information regarding the physical e- ly, a model is proposed to explain the bidirec-
vents occurring at the interface as well as neces- tional metal transfer observed in both current
sary feedback for further improvement in contact domains.
phenomena.

EXPERIMENTAL DETAILS
With the above as background we have under-

taken a study of the electrical, tribological and The experimental set up used was essentially
microstructural properties of a system consisting similar to the one reported earlier (7,9) for Cu-
of a rotating Cu slip ring in contact with a pair Cu contacts. Briefly, a stainless steel UHV cham-
of static Ag wire brushes. The work Is an exten- ber evacuated in the present case by a diffusion
sion of our previous work (5-7) on a Cu slip ring- pump backed by a rotary pump was used to house the
Cu brush assembly. The present heterogeneous sys- slip ring-brush assembly. The OFHC Cu slip ring '1
tem has been motivated by our interest in deter- consisted of a 1" diameter cylinder. It was ro-
mining the nature and direction of metal transfer tated about a vertical axis at an angular velocity
between the brush and the slip ring and the chemi- of ^. 150 per minute by means of an indirectly
cal composition of the wear particles collected coupled a.c. motor situated outside the vacuum
for different current load conditions. This type chamber. The two essentially Identical brushes ki
of work was, of course, not possible with the consisted of 342 Ag wires of diameter 0.005" and
previous Cu-Cu system. The choice of Ag was 99.9% purity. They were pressed against the slip
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Fig. 1 (a) Secondary electron image of the Cu
slip ring for a brush current of 50mA.
The grooves and ridges are due to prior

emery paper polishing.
(b) Cu elemental map of same region.
(c) Complementary Ag element map of same
region. The white dots show the distri-
bution of Ag on the slip ring surface.

assembly was cleaned ultrasonically with conven-
tional organic solvents before mounting in the
UHV chamber. The system was baked and evacuated
to a base pressure of 5 x 10- 9 Torr. Sputter
cleaning of the slip ring was done at 25mA emis-
sion current for two hours at a dynamic Ar pres-
sure of 3 - 5 x lO Torr with the baffle valve
of the diffusion pump open. The dynamic flow of
Ar ensured a clean Ar gas environment. Subse-
quently, UHV was obtained again and Auger ana-
lysis showed a cleap Cu surface.

CO2 gas, bubbled through a distilled water
trap, was introduced into the vacuum chamber
through a variable leak valve. A vacuum pressure
qauqe fixed to the CO2 gas tank was used to meas-
ure pressures inside the system in the range of

ring from opposite sides with the help of an e- -30" Hg to above atmosphere.
lectrically insulated spring of known force con-
stant. The contact force was approximately 40g. The slip ring was rotated with a fixed motor
The brushes were aligned to the same horizontal voltage of 115 V and the current through the
level so as to run on the same track on the Cu motor was measured to get the friction force be-
ring. The entire slip ring-brush assembly was tween the rider and the ring. Initially, the
mounted on a specimen manipulator with the facil- brushes were in the retracted position with the
ity for X, Y, Z displacements. A 3kV Ar ion gun slip ring rotating freely for a few hours in or-
and an Auger electron spectrometer on this UHV der to attain a steady state motor current value.
system were used for in-situ sputter cleaning and The brushes were then released into their normal
elemental analysis. position and a direct current of 50mA was passed

between the brushes through the slip ring. The
The surfaces of the slip ring and brushes two interfacial contact voltages were measured

were polished using emery paper (grit 600-A). using an x-t dual pen recorder. The incremental
The brushes were polished till the brush heads increase in the motor current caused by the load-
attained the curvature of the slip ring. The ing of the brush contacts was used to read the
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Fiq. 2 (a) Typical secondary electron picture of
Ag brush wire ends for the 50mA case. The
ruts are the effect of emery paper polish-
ing. The dark region shown by the arrow
is due to Cu.
(b) Ag elemental map of the same region.

(c) Cu elemental map of the same region.

RESULTS

A. Contact Resistance and Friction Measurements

Initial investiqations reveal tt.it the con-
tact resistance at both interfaces are similar
and are . 0.15 to 0.20 m.. These value are sig-

nificantly lower than those obtained (7,)) for
the Cu-Cu interfaces. This result is attributed
entirely to an improved contact between the brush
and the ring along with better measurement tech-
niques. Moreover, the contact resistance was in-
dependent of the magnitude and direction of the
current flowing through a particular contact.
The measured coefficient of friction for the 50mA
current case is about 0.25. It is independent of
the polarity. Wet CO2 is therefore a good lubri-

corresponding friction force from a predetermined cant for both the Ag/Cu and Cu/Cu systems. A de-
calibration curve of friction force versus motor tailed in-depth study is presently under way to
current. The ratio of this friction force to the determine the dependence of both these quantities
normal force of the spring yielded the friction on a host of parameters which include brush cur-
coefficient. In all experiments rotation was rent, spring force, and ambient wet CO2 pressure.
carried out for times ,. 40 minutes. Brush cur-
rents of 50mA and 40 Amperes were used. B. SEM, EPM and Elemental Mapping

The ring, the brushes, and the wear debris Fig. l(a) shows a secondary electron micro-
collected in a tray placed under the slip ring graph of the surface of the slip ring after it
during the experiment were examined using SEM, had rotated at about 150 rpm for 1. 40 minutes in
EPM and elemental mapping techniques. The x-ray contact with the brushes at a current of 50 mA.
emission spectra were analysed using an energy The surface morphology is essentially similar to
dispersive spectrometer with a Si(Li) detector, the one obtained earlier (7,9) for the Cu/Cu sys-

tem. The long diagonal ruts are the emery paper
scratches left on the ring. The elemental x-ray
maps of Cu and Ag on the same area are shown in
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Fig. 3 (a) An enlarged secondary electron image
of the dark patch indicated by the arrow
in Fig. 2(a).
(b) Ag elemental map of the same region.
Cc) Complementary Cu elemental map of the
same region.

Figure 2(a) is the secondary electron pic-
ture of a typical region of brush ends, which was
in contact with the slip ring. The diagonal ruts
are attributed to scratches from the emery paper.
The corresponding elemental maps for Ag and Cu are
shown in Figs. 2(b) and 2(c), respectively. The
dark regions on the wire brush ends in Fig. 2(b)
are complementary to the bright regions in Fig.
2(c). Clearly some Cu has been transferred from
the slip ring to the brush. This result is in-
deed suprising since Cu is the stronger material.
The Ag to Cu ratio in this region is % 96:4. To
elucidate this unexpected transfer, one of the
brush wire ends was magnified further and the
dark region marked with an arrow in Fig. 2(a) is
shown in Fig. 3(a). The secondary electron mode
also creates an atomic number contrast with the
Cu region looking darker on a bright Ag back-
ground. The fact that the dark region is indeed
Cu is well illustrated by the elemental maps

Figs. l(b) and 1(c), respectively. The white shown in Figs. 3(b) and 3(c), which are due to Ag
dots in Fig. l(c) imply that Ag has been trans- and Cu, respectively.
ferred from the brush to the slip ring during the An extensive study of 18 wear particles was
course of the experiment. Ag is reasonably even- carried out in order to make some sort of a rea-
ly distributed over the surface of the ring but sonable statistical distribution. Two kinds of
some regions do have higher concentrations than particles were observed: Cu-rich and Ag-rich.
others. The actual amount of Ag transferred is The secondary electron image of one of the most
small. Typically the ratio of the Aq to Cu x- common kinds (Cu-rich) is shown in Fig. 4(a). As
ray intensities is 1:99. This ratio and the witnessed in the Cu/Cu case (7), the particles
subsequent ones quoted below have not been cor- were rolled up in layers. The x-ray maps of this
rected for factors such as backscattering,fluo- particle are shown in Figs. 4(b) and 4(c).
rescence, etc. Clearly both Cu and Ag are present with Cu as the
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Fig. 4 (a) Secondary electron micrograph typical
of a Cu-rich wear particle encountered in
the 50 mA brush current experiments.
(b) Cu elemental map.
(c) Complementary Ag elemental map of the
same particle.

DISCUSSION

The detailed microstructural and chemical
analysis of the heterogeneous rotating Cu slip
ring-Ag brush system has gone a long way in en-
hancing our knowledge of the physical events oc-
currinq at the interface. The use of UHV condi-
tions and sputter cleaned slip ring surfaces
avoided several ambiguities which could arise from
contamination and has led to results which are re-
producible from run to run. The wet CO2 layer in
between the sliding contacts appears to be a good
lubricant. The low values of the electrical con-
tact resistance and the coefficient of friction
indicate a good electrical, mechanical, and wear
resistant contact.

The most significant outcome of this work is
major constituent. This result is true for the that the constituent with higher strength and
majority of particles observed. In this particu- melting point can be worn away by the softer con-
lar wear particle the Ag to Cu ratio is 10:90. stituent with lower melting point. This observa-
Out of the eighteen particles surveyed, only two tion is contrary to popular belief amongst tri-
were found to be Ag-rich. They possessed pecu- bologists that only the softer material is sus-
liar morphologies and were different from each ceptible to wear and tear (10,11). Table 1 (12,
other, as seen in Figs. 5(a) and 5(b). The one 13) lists some relevant properties of Ag and Cu.
in Fig. 5(a) had a Ag:Cu ratio of 60:40 and the It is known (14) that in an inhomogenous system
one in Fig. 5(b), 96:4. The foregoing observa- like Ag/Cu, the isotherm of the highest tempera-
tions on the wear particles thus show that .90 ture attained during the course of the experiment
are Cu rich and only , 0', Ag rich. This result is located inside the material having lower ther-
is indeed noteworthy since Cu, being the stronger mal conductivity or higher resistivity, and near
of the two materials, was not expected to contri- to the actual geometrical interface. Thus for
bute to the wear debris. Ag/Cu, the highest temperature should occur in

the Cu slip ring.
A statistical distribution of the particle

sizes revealed that the larger dimension varied In the actual experiment, because of the few
from less than 30 pm to more than 100 um. electrical contact spots available between slip
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Table I: Some Properties of Ag and Cu

Ag Cu Ref.

Hardness (N/m2) 2.5 3-9 (13)
Tensile strength

(lO3 lbs/in ) 42 60-70 (12)
Electrical Resistivity

at 200C (l0 9 ohm-m ) 15.9 16.8 (13)
Thermal conductivity

(W/mdeg.) 418 380 (13)
Melting point

(0C) 960 1083 (13)

In the case of the 50mA experiments, at any
instant of time there are a number of weak molten
spots near the ring surface. The pressureapplied
by the individual brush wires to the thin surface
regions 'floating' on the underlying weak spots
suffices to scrape it off. The presence of Cu on
the Ag brushes and the predominantly Cu wear par-
ticles strongly suggest this type of mechanism.
Of course, the reverse metal transfer, which is a
fundamental process, is not ruled out. Thus, a
small amount of the softer (Ag) material is trans-
ferred to the slip ring as well as to the debris.
But our experiments show that this latter pheno-
menon is less significant then the preponderant
harder material (Cu) removal effect.

An essentially similar picture exists for
the 40A experiment. Both metal transfer mech-
anisms are expected to be prevalent. We do find
both Cu and Ag transferred to the mating compo-
nent in the slip ring-brush interface as well as
to the debris. However, with the current being
much higher, the voltage drop and the heating at
the interface increases considerably. This re-
sult leads to a hike in the value of the highest
temperature in the Cu ring and is accompanied by
a concommitant increase in the temperature exist-
ing at the interface as well as inside the Ag
brush. In effect, the temperature distribution
curve (14) at the interface moves higher on the
temperature scale. Ag being the low melting
point constituent may now also melt in the near
interface regions. Thus, the brushes are also
exposed to severe wear. This result is clearly
reflected in the composition of the wear parti-
cles, about half of which are Ag rich, as well as

Fig. 5 (a) Secondary electron image of one of in the surface of the slip ring which contains

the two Ag-rich wear particles obtained a large amount (Ag:Cu::40:60) of Ag. Also,
for a 5OmA brush.cijrrent experiment. smpoth and fibrous wear particles were observed
Note the peculiar shape. in the high current case. They indicate the pre-
(b) Secondary electron micrograph of the sence of melting and near melting conditions sup-
other Ag-rich wear particle showing a porting our model. Thus in the high current re-
completely different morphology. gime, bidirectional transfer of metal attains

essentially equal probability.

ring and brushes, a very high current density
flows and is accompanied by a corresponding FR ACKNOWLEDGMENTS
drop in the interfacial regions. The tremendous The authors are grateful to the Office of
heating caused thereby is localized to the few Naval Research for financial support on Contract
contact spots. As explained above, the associ.- No. N00014-79-C-0763.
ated highest temperature spot regions exist in-
side the Cu ring, located slightly away from the
surface. As the slip ring rotates, the loci of
these spots circumscribe round circular tracks.
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ABSTRACT

A Cu slip ring was rotated in contact with two current carrying Ag wire

brushes in an ultra high vacuum system. The Cu ring was initially sputter

cleaned and the experiments were performed in humidified CO2 at atmospheric

pressure. The wear particles produced at the two contacts were collected for

subsequent investigations by scanning electron microscopy and electron probe

microanalysis. Currents ranging from 0 to 40 A were used and the slip ring

was rotated at 150 rpm. In one zero current experiment a speed of 15 rpm

was used for comparison. The wear particles consisted of pure Ag, pure Cu

and mixed particles with the relative amounts depending upon the current

through the contact. Some of the characteristic features of the most fre-

quently occurring wear particles are explained and the mechanisms for the

generation of the particles discussed.
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i INTRODUCTION

jIn the recent past some attention has been focussed towards understanding

the origin of wear particles [1-4] resulting from two sliding constituents.

It is generally recognized that in any application in tribology, wear and tear

should be reduced to a minimum. The reduction is usually realized by the use

of solid, liquid or gaseous lubricants. However, in spite of all improve-

ments, a finite amount of wear remains which leads to physical removal of

material from the interface in the form of small particles. An analysis of

these wear particles in terms of their size, shape and chemical composition

can go a long way towards understanding the wear phenomena at the interface.

It should be pointed out that the problem is extremely complex since various

types of wear mechanisms[l,2] are possible and, more often than not, all of

them are present simultaneously. The determination of the individual contri-Ibutions of each of these mechanisms is difficult and necessitates study of a host
m of parameters, e.g., the mechanical contact force, sliding velocity, real area

of contact, environmental conditions, interfacial contaminant or lubricant

layers, nature of the materials, temperature at the interface, coefficient of

friction and contact resistance. Clearly, a strict control over all these para-

meters is a difficult task and frequently exotic wear particles are produced

defying explanation. Therefore, effort should be directed towards collecting

and analyzing as many wear particles as possible so that conclusions based on

a statistical distribution can be reached. Obviously, the experiments tend to

become tedious.

In the present case of rotating electrical contacts [4-7], the generation

of wear particles involves an added complexity arising from the electric current

which passes through the sliding contact. Thus, a new domain in tribology is

I..
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involved, one in which the effects of a direct current flowing from one sliding

constituent to the other are superimposed on those due to conventional sliding.

A detailed literature survey indicates that little knowledge exists in this

field. In the present work, we report on a series of careful studies that in-

volve a Cu slip ring rotating in contact with two fixed Ag wire brushes. A

current was passed through the two contacts and the resulting wear debris was

analyzed. The results of our initial investigations on the shapes, sizes and

compositions of the debris particles as a function of different currents passing

through the system are reported.

EXPERIMENTAL DETAILS

Figure 1 shows the geometrical configuration of the OFHC Cu slip ring-

Ag(99.9%) brush assembly. The Cu ring was basically a solid cylinder rotating

about a vertical axis. The two similar Ag brushes were made from 342 Ag wires

of diameter 0.005". The spring shown in the figure held the two brushes in

firm contact with the Cu ring and with a known force. The slip ring could be

aligned with respect to the brushes about the X, Y and Z directions using a

specimen manipulator. This entire assembly was mounted in an ultra high vacuum

(UHV) system capable of achieving a vacuum < l0-9 Torr. The slip ring was ro-

tated from outside using a magnetic rotary feedthrough which was coupled to an

interchangeable motor that was used for imparting different angular velocities

to the slip ring.

The exact experimental procedure consisted of first mechanically polishing

and chemically cleaning the individual brushes and slip ring in order to obtain

conventionally clean surfaces for sliding. The brush ends were shaped to obtain

the curvature of the ring to ensure as good an electrical and mechanical contact

as possible by running them on an emery paper sleeve fitted on the slip ring.

k " . ... . . -' . .. . ... IN " " .... .. .. | l.... ... . . I ... I m
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The assembly was subsequently mounted on the UHV chamber for evacuation ar:d baking.

thereby achieving pressures in the low 10"9 Torr range. The surface oxide and

other contaminant layers of the slip ring were sputter cleaned using an Ar sput-

ter ion gun. The cleanliness of the slip ring surface was checked in-situ using

Auger electron spectroscopy. Next,the chamber was backfilled to one atmosphere

pressure of humidified CO2. (Humidified CO2 is known [4,6,8] to be a good gaseous

lubricant). This gaseous atmosphere was achieved by bubbling CO2 through a triply

distilled water trap.

The actual experiment was carried out by rotating the slip ring with a fixed

motor voltage in 'he humidified CO2 atmosphere and with the two brushes in con-

tact as shown in Fig. 1. In all cases except one, the angular velocity of the

slip ring was 150 rpm, as recorded by an optical tachometer. In the exceptional

case it was 15 rpm. All the experiments were carried out for a fixed number of

revolutions, namely 6000, irrespective of the slip ring velocity. Some of the

wear particles which were generated at the two contact interfaces were collected

below on a Mo tray. The effect of current on the wear particles was investi-

gated by passing a direct current of 0, 0.05, 1.0 and 40 A from one brush to

another through the slip ring in four different experiments. Whereas the fast

motor (150 rpm) was used for studying the four above cases, the slow motor

(15 rpm) was used with zero current for comparison with the zero current-fast

motor case.

After each experiment, the wear particles were observed in a scanning elec-

tron microscope (SEM) for their shapes and sizes. The chemical composition and

elemental distributions in each particle were determined using an electron probe

microanalyzer (EPM) fitted with an x-ray energy dispersive spectrometer. More

than twenty particles were investigated in each case.

/4
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RESULTS AND DISCUSSION

The sizes of all the particles investigated by SEM were recorded. Because

o' the peculiar shapes, only the longest dimension was used to determine the

size distributions, which varied from a few micrometers to a fraction of a

millimeter. It should be pointed out that the smaller size particles were

difficult to collect because of the mechanical nature of transfer from the tray

to the SEM sppcimen holder. No clear systematic variation of the size distri-

bution was observed as a function of current or motor speed. The sizes of the

particles and their distributions are expected to depend on a host of para-

meters, e.g., motor speed, nature of brush and slip ring, force of the spring,

interfacial layers, interface geometrical roughness, and current. It is very

difficult to keep a strict control over all the parameters and, therefore,

some variation of the size distribution was found to occur from one experiment

to another under essentially similar conditions.

It is generally believed that when a hard material slides across a softer

material, the soft material is worn away, leading to its predominance among

the wear particles. In the present case at zero brush current, the majority of

particles were pure Cu or Cu-rich. However, the hardness at room temperature

in N per m2 of Cu is 3.9 x 108 [9] and is higher than that of Ag, 2.5 x lO

[9]. This result can be understood if the various wear mechanisms are considered.

Because of the experimental conditions one can eliminate corrosion, erosion,

fatigue, fretting, and cavitation as possible wearmechanisms [1,2). Adhesive

wear alone will result in the preponderance of the softer material (Ag) in the

wear debris. The dominance of Cu in the wear particles for zero current and

15 rpm rotational speed (where we expect neglYgible frictional heating at the

interface) can thus be attributed only to abrasive wear. In this mode, a Cu
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wear particle initially gets embedded in a Ag brush wire end and subsequently

becomes work hardened with successive revolutions of the slip ring. The work

hardened particle then functions as a cutting toil, removing material from the

Cu slip ring. The presence of Cu particles on the surface of the brushes has

been confirmed experimentally by EPM analysis after completion of the experiment.

This phenomenon of a softer material wearing away a harder material has been

reported earlier [10] for the Al-teflon system. The adhesive wear mechanism

has been evidenced, in addition to the abrasive wear, in all the current rating

experiments. Experimental corroboration has been obtained by in-situ Auger

analysis and ex-situ EPM analysis of the Cu slip ring surface which showed the

presence of Ag.

Apart from these two relatively better known modes of wear, a third wear

mechanism, namely, interfacial melting was also observed to occur in the present

Ag-Cu system. When current flows across the interface,the electrical power dis-

sipation may lead to melting conditions at small localized spots, that is the

electrical contact spots, at any instant of time. When melting occurs, one can

expect Ag and Cu to be mixed in the resulting melted region. This process thereby

accounts for the higher concentration of mixed Ag-Cu wear particles in the high

current regime. The melting phenomenon is clear in the 40 A case and will be

illustrated later in the SEM pictures taken of the wear particles.

In ill the experiments the wear particles possessed various shapes and sizes.

Typical micrographs of the most commonly found particles will be presented in or-

der to determine the major causes of friction and wear. A sequence of photographs

is presented according to the various proposed wear models. Basically, four major

modes of wear have been identified, namely, those due to adhesion, abrasion (the

chisel effect), polishing, and melting. The features of the majority of wear par-

ticles can be explained on the basis of these four effects and combinations thereof.
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The Chisel Effect

It has already been mentioned that Cu particles embedded in Ag brush wire

ends act as a cutting 'tool tip' or 'chisel' for Cu. It is noteworthy that

10% of all the brush wires were in actual contact with the slip ring after

6000 rotations of the ring. This conclusion was based on SEM observations of

the wire ends after the completion of each experiment. During the initial

part of the experiment, even a lesser number of wires was in contact since

with successive revolutions both the slip ring and wire ends become polished,

thereby increasing the true contact area. Further, only a certain fraction of

the total cross sectional area of each individual contacting wire was in actual

contact. This result was evidenced by SEM observations which showed only partial

polishing of the wire ends. One can conclude from the foregoing discussion that

the cutting tips for wear particle formation can be situated only in these

areas of contact. The shapes, sizes and lengths of the wear particles depend

on a host of parameters which i clude the geometrical configuration of the tool

tip, its hardness relative to the material being cut, possibly the speed of the

motor, and interactions among the various wear particles.

For elucidation of the chiselling action, a pictorial representation in

chronological sequence of the formation of a wear particle is shown in Fig. 2.

The picture is highly simplified assuming no interference from one brush to

another, no mixing of wear particles and that no other wear mechanisms are

present. The work hardened wear particle embedded in the Ag brush wire ploughs

out material as the Cu slip ring rotates anticlockwise as shown in Fig. 2(a).

A thin layer of Cu is chiselled out which then curls up as shown in Fig. 2(b)

and (c) to form the rolled up wear particle shown in Fig. 2(d).
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In the actual experiments, the presence of the chiselling phenomenon is

strongly supported by wear particles of the type shown in Fig. 3(a) which was

created in the zero current, 15 rp. case. The particle consists mainl; of Cu,

though a small amount of Ag was also detected by the multichannel analyzer of

the EPM. The presence of Ag can be attributed to small Ag particles trapped

inside the curled up layer, which presumably existed at the interface prior to

the chiselling.event. Their origin lies in the adhesion wear phenomenon.

The above example of the chiselling effect is almost an ideal one and fre-

quently other non-ideal events occur which modify the shape of the curled up

layer. For example, the curling up process can be abruptly interrupted by the

particle being chipped away before it can curl up completely. Figures 3(b)

and (c) are two examples of non ideal but common variations of the chiselling

effect. The pure Cu particle in Fig. 3(b), produced in the zero current, 15 rpm

experiment, has the characteristics of a partly rolled up layer with sharp

folds resembling long ruts parallel to each other. This morphology can be un-

derstood on the basis of the uneven surface of the slip ring which gives rise

to a wear particle which is thin in some regions and thick in others. The

weaker regions collapse giving rise to the corrugated finish of the particle

in Fig. 3(b). Also noteworthy is the smooth appearance of the particle

on the left hand side. Apparently this region of the particle was joined

to the Cu ring surface while the entire chip was being formed. It would thus

have been twisted somewhat before it broke off. The wear particle in Fig. 3(c)

is a pure Cu one and was produced in the l.OA current,150 rpm case. This par-

ticle is yet another example of a variation of the sequence shown in Fig. 2.

The folding of the Cu layer can be attributed Io a finite (I 1 mm) vibration

I ..... .... . - ..... . . ..
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in the vertical plane of the rotating slip ring during the course of the ex-

periment. Ac a result the contact force and hence the ploughing force changes

periodically leading to the folded up particle in Fig. 3(c).

All the particles shown hitherto were either pure Cu or Cu rich. A simi-

lar phenomenon of chiselling is also possible for producing pure Ag or Ag-rich

particles. The only difference lies in the nature of the cutting tool. Ag

particles produced by this process can arise because of two types of cutting

edges. One is the Cu slip ring surface itself in which some regions are jagged

and act as chisels. The second consists of Cu wear particles trapped at the

interface. Figure 4 is an example of a Ag rich particle produced in the 40 A,

150 rpm experiment. The particle is a completely rolled up Ag layer and the

presence of a Cu signal in addition implies the presence of Cu particles trapped

inside in analogy to Fig. 3(a).

The chiselling phenomenon can also lead to wear particles which appear like

rolled up wires. Two such examples are shown in Figs. 5(a) and (b). These

wire-like shapes of the wear particles can be explained on the basis of a cutting

tip which is very small in diameter. Both particles were produced in the same

zero current, 150 rpm motor experiment. However, the one in Fig. 5(a) is a pure

Cu one whereas Fig. 5(b) shows a Ag rich particle.

The Polishing Effect

Wear particles produced by those brush wires which are not situated at the

circumscribing edges of the brush but somewhere centrally get trapped in between

the brush and slip ring where they spend some time while the slip ring rotates

before being released from the interface. During this time, the particles may

undergo several modifications in terms of thefr shapes, sizes, and chemical

-----A



-10-

compositions. The particle shown in Fig. 6 is a typical example of such a

situation. The particle is the result of a zero current, 15 rpm experiment.

It appears that at least three particles have coalesced, and the smooth surface

indicates polishing of the particle by the motion of the slip ring. As ex-

pected in such a case, the particle is a mixture of both Ag and Cu with Ag as

the major constituent.

Another example of the polishing phenomena is shown in Fig. 7. Figure

7(a) illustrates a Ag rich wear particle in the form of a layer obtained

in the 50 mA, 150 rpm experiment. A glance at Fig. 7(b) which is the SEM

micrograph of one brush wire taken after the experiment, shows the great simi-

larity between the encircled loose region and the wear particle in Fig. 7(a).

Clearly, rotation of the slip ring has resulted in a thinning and polishing

action which resulted in the thin, flat layer shown in Fig. 7(b) and still

attached to the wire end. Continued rotation would result in breaking off this

heavily cold worked layer to form a particle such as the one shown in Fig. 7(a).

The Melting Effect

Because of friction between the slip ring and brush ends in addition to

12R heating at the interface, where I is the current flowing and R is the con-

striction resistance, an intense amount of heat is generated locally. Tempera-

tures of the order of many hundreds of degrees Celsius are generated instan-

taneously at the interfacial contact spots. The dissipation of heat from the

few high temperature contact spots occurs by conduction through the bulk Ag

brushes and slip ring and convection and radiation to the ambient humidified

CO2. However, the temperatures attained at the interface are sufficient to

melt both Ag and Cu so that many particles carvy a history of being associated



with melting phenomena. Our experimental evidence shows that even at zero

current 150 rpm, some wear particles are produced by the melting phenomenon,

though no melting effect has been bserved for the zero current 15 rpm case.

It should be noted that the temperature increase at the interface is not an

average one but localized to the available electrical and mechanical contact

spots at the interface. In the present work, the melting effects are the

greatest at 40 A, the highest current used. It is therefore expected that par-

ticles which are mixed in nature should be more prevalent. Experimental in-

vestigations do reveal that the fraction of mixed particles is the highest for

the 40 A case.

Melting conditions lead to the creation of wear particles whose shapes are

different from the ones described earlier. One particular example is shown in v
Fig. 8(a) which has been produced by the zero current 150 rpm experiment.

The dark hollow spots are attributed to shrinkage voids produced in this pure

Cu particle on solidification.

Melting can also produce particles which resemble straight or intertwined

strings as shown by the examples of Fig. 8(b) and (c). One can explain this morpholc K
by using the simplified model shown in Fig. 9. Figure 9(a) shows one brush wire

in contact with the slip ring at only one point for the sake of simplicity. Be-

cause of a combination of friction and 12R heating at this interface, a small

amount of material adjacent to the interface either in Ag or Cu or both will

melt. It is known [11] that the highest temperature is attained not at the geo-

metrical interface but slightly away from it in the material with the lower

thermal conductivity at that temperature. Let us assume that in Fig. 9(a), a

small Cu region melts. A magnified picture of-the contact region is shown in

- a
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Fig. 9(b). As the slip ring rotates, a small string of Cu is pulled out,

as displayed in Fig. 9(c), which finally breaks off from the Ag wire. Be-

fore the end of this string that is held by the parent Cu ring can soli-

dify, it would be expected to develop a spherically shaped head because

of surface tension effects. This state is shown in Fig. 9(d). After solidi-

fication occurs, the protruding string would be knocked off by another wire

end, giving rise to the wear particle of the type shown in Fig. 9(e).

A good example of the string type particle is shown in Fig. 8(b) which

was produced in a zero current, 150 rpm experiment. The particle is pure Cu

in nature. That this particle resulted from a melting phenomenon is supported

by the expectation that tensile deformation and fracture after cold welding

should have resulted in a particle that was Ag or Ag rich. Moreover it is

difficult to envision the formation of the spherical shape at the end of the

string by some means other then melting and solidification.

The above model is a simplified version and more than one molten contact

spot (from the same brush wire or different wires) is possible whereby several

strings could be created. Figures 9(b), (f), (g) and (h) can be invoked to

predict the morphology of the wear particle in such a case. Figure 9(b) is a

contact area which when magnified shows several smaller contact spots and strings

as shown in Fig. 9(f). The strings shown in Fig. 9(f) could consist of both

Ag or Cu because of the high temperature condition. As the slip ring rotates,

the strings get intertwined as shown in Fig. 9(g). The final wear particle in

Fig. 9(h) is, therefore, a jumbled series of strings consisting of a mixture

L
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shown in Fig. 8(c), which was formed in a 40 A, 150 rpm experiment. The par-

ticlP is clearly a mixture of both Cu and Ag as witnessed by the corresponding

elemental maps shown in Figs. 8(d) and (e), respectively. This morphology is

characteristic of the high current cases and was not observed with zero current.

It should be noted that the chisel and polishing effects are also present in

the high current experiments as confirmed by other wear particles.

Another example of a particle formed by melting is shown in Fig. 8(f). This

Cu particle exhibits layered structure and is the result of the 40 A, 150 rpm

experiment. The layered structure can be explained if repeated melting-solidi-

fication conditions at the interface region are invoked. If the area of contact

is small, the 12R heating may lead to melting in the interface. Because of the

mechanical contact force between the brush and the slip ring, the molten region

may be flattened out to a layer. In the dynamic situation, as the slip ring

rotates the molten layer adhering to the surface solidifies as it moves away

from the region of electrical contact. In the next contact position between I
this layer and the slip ring and if the contact area is again small, another I
flattened molten region may be created. Again the loss of electrical contact

during progressive rotation would result in solidification. Thus layer upon

layer of solidified formerly molten regions could be produced resulting in the

wear particle shown in Fig. 8(f).

SUMMARY

It has been shown conclusively that friction between a soft (Ag) and hard

(Cu) material can lead to the wear and tear of predominantly the harder species.

The wear debris consists of pure Cu, pure Ag, and mixed Cu-Ag particles. The

relative quantities of the pure and mixed particles produced have been shown

to be dependent on the current flowing through the contacting materials. A
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study of the shape and the characteristic features of various wear particles

has 'evealed four major modes of particle formation: abrasion, adhesioi,,

polishing and melting. The models proposed explain the shapes nd chemical

compositions of most of the particles observed.
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FIGURE CAPTIONS

1. Experimental configuration of Cu slip ring and two Ag brushes.

2. Schematic diagram of the formation of wear particles by the chisel effect.

3. Pure Cu and Cu rich particles produced by the chisel effect: (a) Cu rich,

formed in zero current, 15 rpm experiment, (b) pure Cu formed in zero

current, 15 rpm experiment, and (c) pure Cu formed in 1.0 A, 150 rpm

experiment.

4. Ag rich particle formed by chisel effect: experimental conditions:

40 A, 150 rpm.

5. Wire shaped particles produced by narrow chisel. Experimental conditions

for (a) and (b) are zero current, 150 rpm. (a) Pure Cu and (b) Ag rich.

6. Wear particle formed by polishing effect. Experimental conditions: zero

current, 15 rpm.

7(a). Layer like Ag rich wear particle formed by the polishing effect. Experi-

mental conditions: 50 mA, 150 rpm.

(b). SEM view of a partly polished Ag brush wire end. Encircled region shows

a loose layer which would give rise to a wear particle of the type shown

in Fig. 7(a).

8. Wear particles formed by the melting effect: (a) pure Cu showing shrinkage

voids in zero current, 150 rpm experiment, (b) pure Cu fiber formed under

zero current, 150 rpm condition, (c) Cu rich intertwined fibers formed in

40 A, 150 rpm experiment, (d) and (e) Cu and Ag x-ray elemental maps,

respectively, of particle (c), and (f) Cu particle exhibiting layered

structure and formed in the 40 A, 150 rpm experiment.

9. Schematic diagram of the formation of wear particles involving melting

effects.
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Syracuse University, Syracuse, New York 13210

ABSTRACT

Two Ag wire brushes were held in contact with a rotating Cu slip ring in an

ultra high vacuum system. After initial sputter cleaning of the Cu slip ring,

the vacuum system was backfilled with one atmosphere of humidified CO2. A d.c.

electric current was passed across the Ag brush-Cu slip ring-Ag brush assembly

and the resulting wear particles were analyzed using scanning electron micros-

copy and electron probe microanalysis. The slip ring surface was analyzed using

Auger electron spectroscopy to determine the amount of Ag transferred. Currents

ranging from 0 to 50 A were used. In each case, the numbers of pure Cu, pure

Ag, Cu rich, and Ag rich particles were recorded as a function of current. The

Auger signal from the slip ring and the concentrations of the elements in the

wear debris were plotted versus current to determine the role of current in the

present Cu-Ag system.
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INTRODUCTION

Study of sliding electric contact between two metals encompasses two major

parameters. The first is the conventional tribological problem of wear and

lubrication at the interface. The second is the effect of electric current

flowing across the junction. The former problem has been studied [1,2] earlier

in some detail. However, very little knowledge [3-5] exists in wear and tear

behavior when current crosses the interface.

It is well known that when two constituents are sliding against each

other, material is worn away from the interface region resulting in wear par-

ticles. Various wear mechanisms [1,2] are known to exist which can be used to

explain the creation of the particles. It is generally believed that the harder

sliding constituent removes material from the softer member though some [5-8]

exceptions to this rule have been identified. However, in all cases, the wear

particles could either escape from the interface or become incorporated on the

surfaces of the sliding members at the interface region. Further, the chemi-

cal nature of the wear species could vary from pure elements corresponding

to one of the parent members to a mixture of both. The wear and tear process

could be drastically reduced by the incorporation of suitable lubricants. The

lubricant material may belong to the solid, liquid or gaseous state. For ex-

ample, humidified CO2 gas is known [3,9] to be a good lubricant for many appli-

cations. Electric current flow across the interface is yet another important

parameter which is expected to alter the wear mechanisms. This case is

typically the one that exists in the operation of a motor in which the current

carrying brushes are constantly rubbing against the slip ring. One well known

effect due to the additional current parameter is the famous polarity effect [10]
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observed by Ragnar Holm. Another obvious ramification of current flow is

the localized heating at the relatively few[ll] electrical contact spots

between the two current carrying members. We have established [5] earlier

that the generation of some of the wear particles can be attributed directly

to melting conditions existing at the interface because of current heating

effects.

In this paper we have extended our previous work [4,5] to investigate

the chemical composition of the metal transfer in the rotating Cu slip ring-

Ag brush electric contact system. Ultra high vacuum and sputter cleaning

techniques were used to eliminate many of the possible wear mechanisms so

that the number of variable parameters was reduced to a minimum. The effect

of current was established by passing different currents through the Cu-Ag

assembly. Based on our observations a model has been proposed to explain

the role of current.

EXPERIMENTAL DETAILS

The details of the experimental techniques have been published earlier [4,5].

Briefly a high purity Cu cylinder (diameter n 1"), constituting the slip ring,

was rotated in an ultra high vacuum (UHV) system. Two current carrying pure

Ag wire brushes,each consisting of 342 individual Ag wires of diameter 0.005",

were held in contact with the Cu ring. The slip ring and the brushes were

initially polished and cleaned before mounting onto the UHV system. The

slip ring was later cleaned in the system using an Ar sputter ion gun to get

rid of surface contaminant layers. In-situ Auger electron spectroscopy (AES)

was used to analyze the chemical composition of the slip ring surface. CO2 was

then bubbled through a triply distilled water trap into the vacuum system till

a pressure of one atmosphere was attained.

-- - '.
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The slip ring was next rotated at a fixed rpm of -. 150 with the two

brushes held in contact. The number of rotations in each experimen was

6000, except for the 50 A experiment in which it was only 750 because of

intense arcing. The different current values investigated were 0, 0.05, 1.0

1.8, 5, 15, 30, 40, and 50 A. In one exceptional experiment an rpm of 15

with zero current was used, but the total number of rotations was the same,

namely 6000. After the experiments, the system was pumped down to a pressure

of ,, 1 x 106 Torr within -. 1-2 hours and AES was done on the slip ring sur-

face. The AES spectrum was taken with the slip ring rotating so that an

average signal coming from the entire track on the slip ring which was in

contact with the Ag brush was recorded. During this time, the brushes were

withdrawn from the slip ring with the help of controls from outside, so that

no further wear took place.

The wear particles collected during each experiment were analyzed accord-

ing to their shapes, sizes, and chemical composition using scanning electron

microscopy and electron probe microanalysis (EP4). In each case, about

twenty five particles or more were selected at random so that a conclusion

based on a statistical distribution could be reached.

RESULTS AND DISCUSSION

Probably the most typical wear particles out of the large variety of par-

ticles formed in all the experiments is shown in Fig. l(a),which was obtained

in the zero current, 150 rpm experiments. The shapes of such particles resemble

a completely or partially rolled up layer. The particle shown is pure Cu and

the origin of these particles has been treated at length earlier [5]. Briefly,

heavily cold worked Cu particles get embedded in the relatively softer Ag brush
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wire ends and subsequently dig out more Cu wear particles as the slip ring rotates

in contact with the Ag brushes. This phenomen'n also explains the preponderance

of Cu amongst the wear particles in the low current regime where current heating

effects are negligible.

However, the 'chiselling' phenomenon [5] mentioned above does not explain

the initial formation of the Cu particles since Cu is known [12] to be a harder

material than Ag. Therefore, one has to invoke the concept of prow or wedge for-

mation [7,8,13] by which a softer material in rider form (Ag brush) could re-

move a harder material in flat form (Cu ring). A picture of a prow which was

later knocked off to form a wear particle is shown in Fig. l(b). The particle

is mixed in nature with Cu as the major constituent and is the result of a 40 A,

150 rpm experiment. The layered structure and the wedge shape of the particle

are characteristic of a prow. Later on in this paper it will be shown that the

prow formation mechanism, though present, is not the dominant wear mechanism,

as is evident from the experimental results.

Each wear particle analyzed in all the current experiments was placed

in four different categories depending on its chemical composition as deter-

mined by EPM. The first consisted of those particles which were pure Cu,

the second pure Ag, the third mixed particles with Cu as the major constituent

(Cu rich), and the fourth mixed particles with Ag as the major constituent

(Ag rich). To further clarify the definition of mixed particles, a Cu rich

particle is one in which the Cu intensity is greater than 50% and there is a finite

Ag signal as well. The definition of Ag rich particles is similar. The num-

ber of particles in each of these categories for each current was normalized

according to the percentage of the category in the whole. Thus, at any
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particular current, the sum of all the categories adds up to 100. Plots

of some of these categories and combinations thereof as a function of current

are shown in Fig. 2. The large error bars are due to the variation in data

from run to run for any specific current experiment.

The 50 A current experiment was a failure from the point of view of adding

another data point in Figs 2 and 3 since it could not be run to completion.

Within five minutes of rotation at 50 A, considerable arcing developed between

the Ag brushes and the slip ring and could be seen visibly.

Large numbers of wear particles were generated within this short period of

time (corresponding to 750 rotations) compared to 40 minutes in the other ex-

periments. Clearly, the new phenomenon of arcing cannot be considered to be

an extension of the other lower current experiments. The experimental condi-

tion for the generation of the wear debris as well as the physical material

removal mechanisms are expectedly different. Hence, no experimental point

corresponding to the 50 A case has been included in Figs. 2 and 3. Neverthe-

less, the results obtained are important and therefore briefly dwelt upon to-

wards the end of the paper.

In Fig. 2, the zero current experiments have two data points on the curve

corresponding to the 150 rpm and 15 rpm cases. The fraction of pure Cu par-

ticles is approximately constant in the 0 to nu 100 mA current range and the

value is -- 72%. At currents exceeding -, 100 mA, the fraction of pure Cu par-

ticles increases to a maximum of '- 96% in the current interval . 1.5 to -. 5.0 A.

In the high current regime > 10 A, the pure Cu fraction falls drastically to

attain a value of -. 32% at 40 A. The curve for the sum of pure Cu and Cu

rich particles increases monotonically with current in the range, ,1.5- 5.0 A,
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where it shows a maximum value of 96% before plummeting down to a value of

' 51% corresponding to a current of 40 A.

The pure Ag + Ag rich curve shows an exact complementary behavior (as ex-

pected) to the pure Cu + Cu rich curve since at any current the sum of the

two should be 100. In Fig. 2, the fourth curve is for the Cu rich + Ag rich

particles. It shows a dip in the current range nu 1.5 to , 5.0 A. On the high

current side, the curve shows a steep increase to -59%at a current of 40 A.

The curve for pure Ag particles has not been shown since the fraction is small

0 to - 10% and no systematic behavior with current has been observed.

There are three important features corresponding to three different cur-

rent regimes in Fig. 2 which deserve closer consideration. The first is the

low current range from 0 to -, 100 mA where a high concentration of Cu particles

is observed, the second is the intermediate current range of -- 1.5 to 5.0 A

where the pure Cu concentration increases to a maximum along with a concomittant

decrease in the mixed particle concentration to a minimum. The third is the

high current regime of > 10 A, where the concentration of pure Cu and pure

Cu + Cu rich particles shows a phenomenal decrease. The concentration of

mixed and pure Ag + Ag rich particles exhibits a corresponding increase. In

the low current range, the high concentration of Cu and Cu rich particles,

as compared to that for Ag (despite the fact that Cu is harder than Ag [12]),

has been explained earlier [5] on the basis of work hardened Cu particles

embedded in the Ag brush wire ends which act as cutting tips for Cu from the

slip ring.

To explain the increase in Cu particles in the intermediate current

range, one has to invoke the concept of additional heating caused by the 12R
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drop at the interface. Here I is the current flowing through the system and

R is the junction resistance. The first and foremeost consequence of this

heating is the desorption of the lubricating humidified CO2 layer from the

surfaces of the Cu ring and the Ag brush wire ends. The removal of the

lubricant will enhance the cutting ability of the Cu 'chisels' embedded in the

Ag brush ends. Thus, the fraction of Cu particles is expected to go up. The

curve for pure Cu + Cu rich particles is greatly influenced by the pure Cu

curve since most of the particles are pure Cu,,. 96%. Once the fraction of

pure Cu particles goes up, the remaining fraction of mixed particles (Ag rich

and Cu rich) expectedly goes down. Therefore, in this intermediate current

regime, Cu removal by the 'chisel' effect is the strongest and the effect over-

shadows other wear mechanisms.

In the high current regime, there is a reversal in the trend that was

prevalent at intermediate currents. This result is attributed to increased

heating at the interface due to the higher 12 R power loss which leads to localized

softening and partial melting at the electrical contact spots. The immediate

ramification is the mixing up of both Ag and Cu to form mixed wear particles.

The melting points of Ag and Cu are 9600C and 1083C, respectively. That is,

they are reasonably close to each other and, therefore, melting and near-melting

conditions would generally lead to wear particles of the mixed variety. The

accompanying decrease in thepure Cu concentration as a function of current can

also be explained by the higher heating at the interface. The heating tends to

melt or soften the work hardened Cu 'chisels', thereby decreasing their cutting

power. Because of the dominance of the pure Cu curve, the pure Cu + Cu rich

value also falls in a concomittant manner. The curve for pure Ag + Ag rich

increases mainly because of an increase in the concentration of Ag rich particles.

• S .. . .• , . . . . . mm I I
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Another noteworthy feature of Fig. 2 is the Y coordinate value at the

intersection points of the upper and lower series of curves. The crossover

occurs at about 25 to 40 A and the fraction of particles for all the curves

shown is ,,, 50% in this region. In other words, the number of Ag + Ag rich

particles is equal to the number of Cu + Cu rich particles at high currents

(nu 40 A) or equivalently high interfacial temperatures. This phenomenon is

indeed expected since softening and melting will tend to mix up Ag and Cu more

or less equally (both have melting points close to each other), thus giving

rise to equal concentrations of the two species of particles. The tendency

for Cu and Ag to become mixed up in the wear particles will affect all wear

mechanisms. This result is born out by the fact that the mixed particle concen-

tration increases in the high current regime albeit the number of wear particles

formed exclusively by the 'melting' phenomenon [5] is quite low.

The crossover for the curves (b) and (c) in Fig. 2 occurs at n 25 to

30 A. The intersection of the curves at the 50% particle concentration value

implies firstly that the number of pure metal particles (which is approxi-

mately equal to the number of pure Cu particles) is the same as the number

of mixed particles at this current value. Further, it also implies that the

chiselling phenomenon, which is the major wear mechanism mode for Cu, and

the high current heating effects attain equal importance at the crossover

current value. At still higher currents, one would expect the melting effects

to overshadow other wear mechanisms.

The transfer of Ag from the brush ends to the wear particles can be ex-

plained on the basis of adhesive wear (1,2) since Ag is the softer of the two

materials. A behavior similar to the Ag + Ag rich curve in Fig. 2 is exhibited
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by the Ag Auger signal on the Cu slip ring taken after each of the above ex-

periments was performed, see Fig. 3. The plot gives the peak to peak height

ratio of the Ag to the Cu (60 eV) Auger signals on a dN/dE sp'ctrum as a func-

tion of current. The 60 eV line of Cu has been intentionally selected for

giving the ratio since the actual surface composition is of interest and the

60 eV line is more surface sensitive than the 920 eV line [14]. The Ag to

Cu ratio plotted on the Y axis is a measure of the amount of Ag coverage on

the slip ring surface after each experiment. It should be noted that the

peak heights have been directly used for the ratio calculations and no sensi-

tivity factor corrections have been made since only the qualitative behavior

is of interest. The units on the Y axis are, therefore, arbitrary. As seen

in Fig. 3, the Ag coverage is, or equivalently the Ag transferred to the slip

ring, is almost independent of current in the 0-5 A range, suggesting that ad-

hesive wear remains constant. The small amount of Ag transferred to the slip

ring shows that the brushes are experiencing very low wear rates. At currents

greater than 5 A, the Ag coverage increases rapidly, a result which can be ex-

plained as per the earlier argument that complex softening and/or melting

effects start dominating and interfering with other wear modes, thereby result-

ing in Ag transfer from brush end to not only the wear particles but also to

the Cu slip ring surface. In addition it could be argued that interfacial

melting would cause both surfaces to become coated with Ag because the surface

energy of Ag is less than that of Cu. Also, if Ag becomes sufficiently softer

than Cu at higher temperatures, one would expect Ag to become smeared out over

the contacting surfaces. Both arguments could be used to interpret the in-

creasing Ag transfer to the slip ring with increasing current. Thus, the re-

sults of Fig. 3 are consistent with those of Fig. 2.

I
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It is quite clear that in the present experimental setup, prow formation

is not a major wear mechanism. There is only indirect evidence of its existence

as seen by the layered structure of some of the wear particles (for example

Fig. l(b))which adequately explains the initial generation of the Cu particles.

Apart from this, other characteristics of prow or wedge formation are not ob-

served. Firstly, SEM investigations do not reveal any prow-like Cu particles

stuck to the slip ring surface. Even if they are formed to some extent initially,

they are just knocked off by the many brush wires to add to the wear debris.

Secondly, the brush ends also do not reveal any Cu prows. On the other hand,

small Cu particles have been detected embedded in a smooth polished Ag matrix.

Prow formation necessarily requires contact only between prow and flat so that

the Ag brush would not get polished. Thirdly, even after 6000 rotations of

the slip ring, there is not sufficient evidence of rider wear since the majority

of the wear particles in the low and intermediate currents range are pure Cu

(pure Cu concentration is -- 96% at intermediate currents). The probable reason

for the weak prow effect is that it requires severe sliding conditions. In the

present experiment a load of only -. 40 gm is used in a lubricatiny atmosphere

of wet CO2. Therefore, the 'chisel' effect is the more powerful wear mechanism

compared to prow formation.

It can be extrapolated from the foregoing discussion that results of

higher (> 40 A) current experiments would strengthen our present understanding

of the Cu-Ag system and also confirm the proposed models on the role of

current. Unfortunately 40 A appears to be the upper limit for the present

cotifiguration since an attempted experiment at 50 A, 150 rpm led to severe

arcing between the brushes and the slip ring after ,, 5 minutes of rotation.

However, the results are interesting and a brief discussion of them is given below.
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The first and foremost consequence of the arcing was the creation of a

groove in the initially well polished slip ring along the Ag brush track.

An SEM picture of the track is shown in Fig. 4(a). Apart from the groove,

round pitted regions on both sides of the track are observed. An enlarged

view of one of these pits is shown in Fig. 4(b). The morphology in Fig. 4(b)

strongly suggests a history of melting in the region. EPM analysis showed

that the region consists of both Cu and Ag. Apparently, these pits were

sites of arcing and consequent melting, in addition to the central continuous

groove where the arcing was most severe. Arcing between the brushes and the

slip ring can take place if and only if at any instant of time the electrical

contact between the slip ring and one of the brushes is broken. The genesis

of such a situation lies in the complex phenomenon of interfacial melting

due to 12R heating accompanied by the rapid rotation of the slip ring which

changes the contact spots continuously. In the absence of any direct ex-

perimental evidence it could be conjectured that the interfacial molten re-

gions smear out because of the motion of the slip ring. Subsequently, these

smeared layers solidify(due to increased cooling rates caused by the enhanced contact

surface area) resulting in the welding of the slip ring to the Ag brush wires.

However, the slip ring, powered by the electric motor from outside, is able

to break away from the welded regions. Consequently, the brush jumps off

the slip ring, leading to a momentary electrical discontinuity between the

slip ring and the brush. Because of the proximity of the two voltage carry-

ing constituents, electric arcing occurs. Arcing is necessarily accompanied

by intense localized heating which leads to the removal of material from both

the arcing constituents. With subsequent arcing events, more and more material
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would be removed in a haphazard manner resulting in rough and poorly contacting

surfaces. Consequently more frequent arcing occurs. Experimentally too, the

number of arcs increased with time. The groove and the bordering pits ob-

served on the slip ring (Fig. 4(a) and 4(b)) can, therefore, be explained as

a consequence of the arcing events. The light observed during such arcs is

the result of ionization/deionization processes of the gaseous ambient and/or

the arcing members.

Regarding the effect of arcing on the brushes, it was experimentally ob-

served that most of the arcs were generated between one particular brush and

the slip ring. The result was probably due to a poorer contact between the

arcing brush and the slip ring as compared to the other one. An SEM picture

of the heavily arced brush is shown in Fig. 5(a). In the top part of the

picture, the different wire ends constituting the contacting brush surface

can be easily differentiated. However, the lower half shows one continuous

region - the result of melting and subsequent fusion of the wire ends. A

number of such sites was detected and the fused regions have been found to

be peculiar to only the 50 A, 150 rpm experiment. Therefore, these regions

can be attributed to arcing effects; since in the other experiments,no arcs were

observed. A magnified view of the fused region in Figure 5(a) is shown in

Fig. 5(b). Both Cu and Ag signals were detected in an EPM trace of the re-

gions proving thereby that both elements became intermixed during the

arcing process.

In addition to the different types of wear particles observed in the

lower current experiments, a new type of particle was detected in the 50 A,

150 rpm experiment. A typical SEM photograph of this type is shown in
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Fig. 6(a). These particles are spherical in shape and possess a reasonably

smooth surface. Consequently very little topographical contrast existed

in the secondary electron picture. The specific particle shown is a mixed

one, as confirmed by the EPM graph in Fig. 6(b). The lines at 2.96 keV and

8.04 keV correspond to the LcAg and KaCu excitations, repectively. The

strong lines on the lower energy side of the figure are from the base Al

specimen holder. However, other spherically shaped particles have been de-

tected which belong to the pure Cu species. Such spherically shaped par-

ticles can be attributed to the arcing process. The spherical shape is

the result of molten droplets which emerge from the arc and subsequently

solidify into round particles because of surface tension effects.

It is almost definite that a 50 A current leads to interfacial melting,

thereby causing arcing between brush and slip ring. However, if one uses the

Kohlrausch relation [15] one would calculate too low an interfacial temperature.

The junction resistance in all the experiments is % 0.1 to 0.3 m2. With a

current of 50 A, the voltage developed will be less than - 15 mV, which is too

low to cause melting. Of course, the Kohlrausch relation does not take into

account frictional heating. Recently Williamson and Allen [16] have considered

thermal instabilities existing at a slip ring-brush interface whereby they have

shown that small current surges can raise the junction temperature from a few

hundred degrees Centigrade to a few thousand degrees Centigrade. In the

present experimental setup, a quantitative calculation of the temperature

attained is difficult since a large number of Ag brush wires is involved, out

of which only a certain number is in actual contact. However, the results

especially at 50 A clearly point towards melting temperatures. Further, the
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results in Fig. 2, even at currents greater than 10 A, strongly suggest con-

siderable heating at the interface which leads to softening and/or partial

melting conditions. Such a situation clearly explains the mixing up of Cu

and Ag amongst the wear particles. It is not evident whether the brush or

the slip ring surface softens more. If Ag softens at a faster rate than Cu

as a function of temperature, then obviously more Ag will be transferred by

adhesive wear to both the slip ring surface and the wear particles.

SUMMARY

An understanding of the role of current in wear phenomena in the rotating

Cu slip ring-Ag wire brush system has been obtained. At low currents (< 100 mA),

the chiselling effect is dominant and accounts for the very high Cu particle

concentration in the wear debris. The wet CO2 layer at the sliding interface

acts as a lubricant, thereby reducing the fraction of Cu and Cu rich particles.

In the intermediate current range (1.5 A to 5.0 A), the 12R heating effect

causes the desorption of the lubricating layer, thereby increasing the rela-

tive concentration of Cu wear particles. At high currents (> 10 A), high in-

terfacial temperatures lead to softening and partial melting conditions. With

increasing current, softening and melting effects tend to overshadow the other

wear mechanisms, resulting in equal concentrations of Cu + Cu rich and Ag + Ag

rich particles. Also, the transfer of Ag from the brush to the slip ring in-

creases rapidly. At currents exceeding 40 A,melting is definite and arcing

occurs between the slip ring and brushes, accompanied by rapid wear.
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FIGURE CAPTIONS

1. Wear particles formed in the (a) Ocurrent. 150 rpm and (b) 40 A current,

150 rpm experiments. (a) shows the chiselling and (b) the prow formation

phenomena.

2. Fraction of wear particles as a function of contact current: (a) Pure

Cu + Cu rich, (b) Pure Cu, (c) Mixed (Cu rich + Ag rich), and (d) Pure

Ag + Ag rich.

3. Ag/Cu (60 eV) Auger peak to peak height ratio of the Cu slip ring as a

function of contact current.

4. (a) SEM picture of the slip ring after the 50 A, 150 rpm experiment, and

(b) magnified view of one of the molten pits of (a).

5. (a) Brush end view of the 50 A, 150 rpm experiment and (b) magnified

picture of the fused region of (a).

6. (a) Wear particle formed in the 50 A, 150 rpm experiment and (b) EPH

trace of the particle showing presence of both Ag and Cu.
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WEAR PARTICLES FORMED IN THE (a) 0 CURRENT, 150 RPM AND
(b) 40 A CURRENT, 150 RPM EXPERIMENTS.
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(a) SEM PICTURE OF THE SLIP RING AFTER THE 50 A, 150 RPM
EXPERIMENT AND (b) MAGNIFIED VIEW OF ONE OF THE MOLTEN
POINTS OF (a),

F~i.
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(a) BRUSH END VIEW OF THE 50 A, 150 RPM EXPERIMENT AND
(b) MAGNIFIED PICTURE OF THE FUSED REGION OF (a).



(a) WEAR PARTICLE FORMED IN THE 50 A, 150 RPM EXPERIMENT

AND (b) EPM TRACE OF THE PARTICLE SHOWING PRESENCE OF BOTH

AG AND Cu.
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